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PREFACE 


Tni; thermal properties of gases are used so extensively in engineering 
design that we feel justified in the publication of the present set of 
tables, wliieh are based on the results of modern statistical thermo- 
dynamic analyses carried out by the various authorities to whom 
reference is made later. tVe agree with Heck * when he states that 
it i.s preferable to use tables of the properties of gases against tempera- 
tm-e rather than equations which show the relationship between the 
properties and temperature. The tables have accordingh' been 
arranged to run from 400° F. abs. to 5400° F. abs., or, in a few cases to 
Jiigher temperatures, by 100° F. intervals. Differences in the thermal 
properties are al.so printed so that by linear interjjolation it is possible 
to evaluate thc-se properties for 003* intermediate temperature. In 
practice this will be found considerablj' more convenient than the 
common^ adopted method of making use of equations for specific 
heats. In 303" case the latest specific heats cannot convenienth' be 
expre.'ssed b3'' ain' simple equation covering more than a limited range 
of temperature. In an article published b3' one of us in Engineerings-^ 
tables of thermal properties have alread3’ appeared but, as explained 
later, the properties presented in this volume have been built up from 
absolute zero temperature 1)3- regarding the gases as being in the 
hypothetical gaseous state throughout. This is of considerable a.ssis- 
tance in dealing with problems on thermal equUibrium and enables the 
nb.'iolute entrop3’’ of a gas or mixture of gases to be calculated. 

We trust that our explanation of the derivation of the table.? and also 
of the modem approach to the theory' of dissociation may" prov^e of 
in}ore.st to engineers who have to deal yrith combustion prpblems. 
A valuable contribution on dis.soeiation as affecting the engineer yras 
made by Goodenough.<=^^ but at that time the accepted speci^cr heats 
yvero inaccurate and in addition the simple ey'aluation of eq/^briun/ 
constatits by the free energy' method had not 3’et been developed. We 
foci that this method should be more yyfdeh' knoyvn by engilee^and 
have, therefore, devoted .space to its description and applici^'^^ 

We have much pleasure in acknoyvl edging our indebt Jness to 
T’rofe.^sor James Small for bis helpful encouragement and J^iticisms. 
Our thanks are due also to the authorities of the Uniy'ersi &f Glasgow 
for the opportunities extended to us of doing this,jw jj#ud for the 
fucilitic.s yy-e yvere imvilcged to u.se in connection 'yy^h._^ 

J'E.'m GEYER. 

./ E. A. BRUGES. • 

• Itcfcrcnct'B an' to tlio biWioprapliy, for wliiclj see p. 70 . . 
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PRES^’CIPLES UPON WHICH THE TABLES ARE BASED 

1, Introduction. The thermal properties of gases, which are pre- 
Bonted in this volume, are based on the latest quantum specific heat 
values calculated bj'' various physicists who have also checked them by 
spectroscopic analysis. The tables are applicable to the solution of 
ordinary engineering thermodynamic problems, some of which are 
given as examples later. In addition, however, they enable an accurate 
analysis of technical combustion processes, including dissociation 
efiecls, to be made. When the mixture of the products of combustion, 
found in the exhaust pipe of an internal combustion engine or in the 
flues of a steam boiler, is analysed, it is found generally to consist of 
the four gases CO,, HjO, O, and N^. It has long been known, however, 
that a change in the ph 3 'sical condition of the mixture, such as an 
increase in temperature or decrease in pressure, tends to cause a 
splitting up of part of the CO, to CO and Og and of part of the H,0 to 
Hj and 0,. Other changes may also occur such. as the formation of 
OH and NO. These effects are known as dissociation, a name coined 
by Sainte-Clair Dcville,<^> who spent the greater part of his life in its 
study. Later work was carried out by Gibbs, Horstmann,t®) Haber, <’1 
Nemst and van’t Hoff.t®^ This early work was not generally regarded 
as of importance to engineers until such authorities as Clerk, Tizard 
and P 3 »c,<‘^) Goodenough and Schiile had drawn attention to the 
effects of di.ssociation on technical combustion processes. For com- 
parative purposes, modem values of specific heats, along with those 
suggested by various authorities two or three decades ago, for the 
technically important gases CO,, H,0, 0, and Nj have been plotted 
to a base of temperature in ° F. abs. in figs. 1, 2 and 3. It will be 
observed that the differences between tljo modern quantum values 
and the older ones are considerable, so that the errors in calculations 
involving the old specific heats may bo large, and justify the publication 
of new thermal data and their application to comhustion problems 
including dissociation. Since the work is intended for the use of engi- 
neers the thermal data-are given in the form of tables in which the 
temperatures range from 400° F. abs. to 5400° F. abs. (in some cases 
to 9000° F. abs.) by 1 00° P. intervals. 

2. Molal Magnitudes. It is convenient to express thermal magni- 
tudes, of which internal energy and total heat are examples, in terms 
of the pound molecule or mol. The unit of mass is thus taken as m lb. 
where m is the molecular weight of a single gas or the apparent 

r 7 
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muuam m^Sm m 


'Partington and Shilling 


T. Tabs. 

* Fio. 1. Molecular epecific heats of COj. 

molecular weight of a mixture of gases. If the engineer desires to express 
any of these magnitudes per pound he has merely to divide them by the 
molecular weight when dealing with a single gas or by the apparent 
molecular weight when dealing with a mixture of gases. They are 
given at 100°]?. temperature intervals and intermediate values are 
obtained by linear interpolation of the differences, which are also 


T. T. abs 

Fig. 2. Molecular specific heats of HjO. 
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Fig. 3 . ^folcculnr BpcciCc heats of diatomics. 

tabulated. The tnagaitudes and sjmbols listed in the tables are 
entropy, S ; internal energy, E ; total heat, E ; loiver heats of reaction 
at constant volume, and constant pressure, ; equilibrium 

F 

constant, /iT^ and a function of free energy expressed by -■= . (See 
p. 25.) 

3. Entropy. The entropy values are absolute, that is, they are all 
reckoned from absolute zero temperature. This has been rendered 
possible by the Nemst heat tbeorem,^^) which states that the entropy'’ 
of all crystalline solids at absolute zero temperature is zero and that at 
verj' low temperatures, say, within 10 to 20° C. abs., the entropy values 
arc small and, as the temperature is lowered to zero, the3’- approach 
zero asymptoticallj'. Since it is possible to measure specific heats of 
tltcse crj'stalline solids between 10 and 20° C. abs. and since the Nemst 
heat theorem shows that extrapolition to absolute zero temperature is 
permissible, the absolute entropy^ values are calculable. Fig. 4 
represents the entropy change of 1 gra. mol of oxygen when heated 
at a pressure of one atmosphere from zero absolute temperaturo to 
29S'1'’C. ahs. (25° C.). As shown bj' Debye, the specific heat of 
crystalline solids at temperatures below 16° C. abs. is given by Cj, =kT' 
and hence the entropy is given by 
rr /y rT 

S or 10^, 

It is thus po.'sible to write down the entropy value when C ^ is deter- 
mined. For solid oxv>gen, «5'^=:0-963 at !r = ll-75° C. abs. as given by 
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Johnson and Walker, 0®) so that =0-321 E.U. (Entropy -Unit), and 
^=6-95 xlO-^ Between O^C. abs. and 11-75° C. abs. the entropy 
values, as given by IkT^, are as follows : 

T I 2 3 4 

8 l-98xl0-« 1-68x10-3 5-35x10-® 1-27x10-2 

T -5 6 7 8 

8 2-47x10-2 4-28x10-2 6-78x10-2 1-012 xlO'i 

T9 10 11-75 

8 1-444x10-1 1-98x10-1 3-21xl0-i 

The experimentally determined values of Cp between 12-97° C. abs, 
and 23-66° C. abs. enable the entropy values to be found by graphical ' 
integration. Thus, since the increment of entropy, as the temperature 
is increased from T to T + AT, is given by 

Jr T ’ 

Q 

it is only necessary to plot values of to a base of temperature and 

integrate the area below the curve thus found to give the corresponding 
entropy increments. The total increment of entropy between 11-76° C. 
abs. and 23-66° C. abs., found in this way, is 1-697 E.U., and hence the 
entropy increase from u4 to jB is 0-321 -f 1-697 = 2-018 E.U. At 23-66° C. 
abs., as shown by £C in fig. 4, the first transition in the solid state 
occurs, the heat involved being 22-42 cals./gm. mol. The accompanying 
22*42 

entropy increase is 2^6 E.U. At 43-76° C. abs. a second 

transition occurs (UE) and the increase in entropy between the two 
points C and D is again found graphically and amounts to 4-661 E.U. 
At this second transition point the heat of transition is 177-6 cals./gm. 
177-6 i 

mol. giving — =4-058 E.U. =DM^ as the entropy increase. Between 

43-76° G. abs. and 54-39° C. abs., i.^. between E and F the Gp values 
give the increase in entropy as 2-397 E.U. Up to 54-39° C. abs. the 
oxygen has remained in the solid siJ^te and at 54-39° C. abs. melting 
occursSgs shown by the line FG, theUatent heat of fusion being 106-3 

^ 106*3 

cals./gm. mol. so that the entropy increase is -^ - = 1-954 E.U. 

Between 54-39° C. abs. and 90-13° C. abs., i.e. between G and H the 
oxygen remains in the liquid state and from the given Gp values the 
increase in the entropy is again foimd graphically and amounts to 
6-462 E.U. Boding occurs (ffJ) at 90-13° C. abs., the latent heat being 
1628-8 cals./gm. mol, so that the corresponding entropy increase is 



S. Cals.j gm. mol. °C 

Fio. 4. 

1G2S-S 

j = 1 S-07 E.U. The sum. of the entropies taken over all the phases 

up to the point J amounts to 40-57 E.U. In order to bring the o.vygcn to 
U'liat is called the standard state, wliich is necessarj’ if the entropy is to 
be compared with spectroscopic data, the phj’-sicists apply a correction 
. 27T 

amounting to where and are the critical temperature 
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and critical pressure. This correction moves the state point from 
J to K but the scale of the diagram is such that the gap between 
the points does not show. The correction is deduced as follows. On 
the TS diagram (fig. 5) let J represent the state point of the actual gas 
at pressure p and temperature T, and K that of oxygen assumed to be 
reduced to the condition of a perfect gas having the characteristic 
equation F V ~RT. If the pressure of both the actual and hypothetical 
gases is reduced, their state points approach one another imtil, in the 
limit when the pressure is zero, they actually coincide. This condition 



Fig. 6. 


is represented by the point C, which is at infinite distance from J and 
K, but W'e are concerned only with the difference JK. Since for all 
gases an elementary change in entropy is expressed by 



and since, in the case under con,sideration, dT=0, we have 





If, therefore, a gas is compressed isothermally from zero pressure to 
pre.ssure P the change in entropy is 

cP(dV\ 
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For < he actual gas this is represented by the line CJ while for the perfect 
gas it is represented by the line GK. 

Assiiming that the actual gas obeys the modified Berthelot equation 
of state, i.e. 

where Tc and are the critical values of temperature and pressure, 
%ve have 

ldV\ _^r 27 PTf\ 

\dTjp~P 32 P,T^J ■ 

Hence 

( 1 ) 

For the ideal gas, PV =RT so that 



and hence 

8j:c=^CK=.-f^^dP (2) 


The value of the entropy change accompanying a change from the 
actual state to the ideal state is thus given by 




Hence 


8°^S-h 


For oxj'gen !re = lo4*28° C. abs. and 

. 27 X 1-9809 >; 154-28’ xl ^ „ty 
correction is — — .- - v t ; — =0-17 E.U. 


0 32F’P, 

27 RT.^P 
32 * 

21RT,^P 
Z2T^P, ' 

Pe=49-713 atm. so that the 
The entropy at the 


32 X 90-13’ X 49-713 
point K is tims 40-74 E.U. 

The extension of the entropj’' curve upwards in fig. 4 from the point 
K to the point L, where the temperature is 298-1° C. abs., is again 
found bj’ grapliical integration using the e.xperimentally determined 
values of C', for this region. Tlie increase in entropy foimd in this way 
is 8-28 E.U., so that the entropy of the oxygen at a temperature of 
298-1° C. abs. and at a pressure of 1 atmosphere is 49-02 E.U. 

Figure 6 shows the state changes for nitrogen again under a pressure 
of 1 ntraosphere. It v-ill be observed that there is only one transition 
in the solid state. 

The advantage of expressing all the entropies of the gases dealt with 
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2QB-I° 
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77-32°-^ 

'~^risa.tion 


'-Fusion 


-Transition 


20 

S. C a Is.fffm 


Fio. 6. 


jmo/r. 


I outlined above is that the 

in combustion processes in the manner correctly stated and if 

entropies of a mjjtture of gases can nouj^ changes in absolute 

chemical reaction occurs between the gai an be cal- 

entropy between the produets end the o]" X^of determinmg 

culated. This gives a considerably simpli ® entropy of a mixture 
equilibria constants for reactions. The ab ^ ^ at any pressure and 
of gases of known composition may be as shoivn by 


of gases of known composition may be jE 
temperature from the entropy values give 
the foUoiving example. I 

The products of combustion in the deal 
cylinder have a total pressure of 400 Ib./i 


.ranee yolurae of 8u engine 

n.e nbs. and a temperatnto 
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of 4000’ F. abs. The percentage 
volumetric composition of the un- 
dissociateci gas mbcture is CO,, 

5-37; H,0, 10-39; K,, 73-72 and 
O,, 10-52. It is required to find 
the absolute entropy of this gas 
mixture per pound mol. 

The volumetric proportions are 
the same as the molal proportions. 

Figure 7 shows one pound mol of 
the mixture with the gases separated 
into proportional volumes as given 
by the analysis. The number of 
mols of the gases is as shown and 
if each gas is assumed to be at 
one atmosphere pressure and at a 
temperature of 4000° F. abs., the 
entropy of the mixture is given b3' 

ZmSip, where m is the number of 
mols and 8j< the entropy of each 
gas. The tables give, for one mol 

of COj, HjO, N, and 0, at 4000° F. abs., the foUou-ing values for St J 
75-490; 64-624; 61-159 and 65-192, so that 

Z'm/S'j. =[0-0537 x 75-496 + 0-1039 x 64-624 + 0-7372 x 61-159 

+0-1052x65-1921 

= 62-713 E.U. ■' 



In the actual gas mixture, however, each gas, instead of occupying 
its own volume at the total pressure, occupies the full volume (i.e. the 
volume of one pound mol) at its partial pressure and hence, due to the 
irreversible expansion from the volumes shown in the diagram to the 
final volume, each gas increases its entropy by an amount which is 
determined as shown below. In the deduction use is made of the idea 
of semipcrmeablo walls. A substance which is capable of allowing one 
gas to pass through it and yet blocks tlic passage of other gases is said 
to be somipermeable. It is found that glowing platinum sheet permits 
hydrogen to pass freely through it, but not other gases, while a porous 
membrane, soaked in w-ator, permits any gas which is soluble in water, 
sticli ns ammom’a, to flow freely through it and excludes gases which are 
insoluble in ^Yate^, such as hydrogen. Up till now semipermeable 
walls have not been discovered for all gases but the discu.ssion which 
follow.? is based on the conception of such materials existing, and 
enables an expression for the entropy increase, due to the expansion 
of a gas in a gas mixture, to be determined. Use will also be made of 
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the properties of semipermeahle walls when discussing the maximum 
work of a reaction. (See p. 23.) 

Consider two of the gases to be separated by semipermeahle pistons 
as shown in fig. 8, i.e. the right hand piston is permeable to gas B while 
the left hand piston is permeable to gas A. The pressure between the 
two pistons in the position shown is 2pa and if the left hand piston is 
held fast while the excess pressure is allowed to act on the right hand 
piston this will move to the right and external work will be available. 



As the piston moves, gas B passes freely through its semipermeahle 
wall so that it exerts no pressure on the piston. The gas A thus pushes 
this piston and performs work on it in the same way as would occur 
if the gas B were not present. With a slow enough motion of the piston 
the expansion may be made isothermal and reversible and the work 
performed is given bj' the area ABOD which is equal to 

RTm^, Fx + Fs 
J Fj ’ 

and since this equals the heat supplied at T the entropy change is 


J Fi 




J 


log. 


2s. 

Vv, 
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If HOW the left hand piston is released gas B performs Trork on it, the 
amount being the same as would occur if the gas A were absent. This 
is given by the area AEFD which is equal to 


- -log, log,-, 


.7 


and the corresponding increase in entropy is 

j 

If the total gas volume I'l + Fj is equal to 1 mol we have 




Pa 1 


or, in general, 


Pv, '"h Pp, 

Pa^}_ 

Pp 


and hence the entropy increase due to the expansion of an}!^ single gas is 


mR , Pa 1 


J Pp 


*/ TTl 


Hence for the mixture of gases of the example the increase is 

„mR. 1 
il^-log,- 


1039 


= M,87[0.0537 log, 54 ^ + 0.1039 log, 


= 1-987 X 0-854 
=1*697 E.U. 


The total entropj' at one atmosphere pressure and 4000° F. abs. is 
thus G2-713 -!■ 1-G97 =04-410 E.U. The entropy is required, however, at 
400 Ib./in.- abs. {27-21 atm.) and 4000° F. abs. On the PV and TS 
diagrams (fig. 9) the state point of the gas mixture at 1 atmosphere 
pressure would be represented by the point A. In changing its state 
to tiie point B, which is at the same temperature, any path may be 
chosen in order to calculate the entrop}- change. The simplest path to 
choo.-^e is the reversible isothermal at 4000° F. abs. passing through 
A and B. The heat rejected is 


i??’ 

J 




B 


RT 
" J 


log. 


Pa 


27-21 

= 1-987 X 4000 log, — ^ B.Th.U. 


=1-987 X 4000 X 3-304 B.Th.IJ. 
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This is equal to the area ABDO on the T8 field so that the entropy 
decrease is 1'987 x 3’304= 6-565 E.U. The required entropy value of the 
gas mixture at the given conditions is thus 64-410 - 6-565=57-845 E,tJ, 




In determining the absolute entropy value of a gas or gaseous 
mixture the same procedure as outlined in the above example may be 
followed whatever the pressure, volume and temperature of the gas 
may be. 

4. Total Heat. The total heat E oi a gas is taken as the difference 
between the total heats of the gas at the temperature under considera- 
tion and the absolute zero temperatme. If these total heats, which 
refer to the gas in the ideal or perfect gas state are denoted by H'c° and 
Hq the total heats tabulated are equal to -Hq°. For a perfect 
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gas at absolute zero temperature is the same as the internal energy 
at that temperature so that the tabulated values of total ieats are 
equal to The prefix 0 in these symbols denotes that the 

gas is in the ideal gaseous state. We have therefore for gases 

C°dT 

Jo 

where is the specific heat at constant pressure of the hypothetical 
gas already discussed in the previous paragraph. - Eq) is thus 

equal to tlie area below the h}'potheticaI gas curve shown on the TS 



Fig. 10 . 


field in fig. 1 0 between O'- B. abs. and F. abs. A few skeleton values 
of - Bc,°), at various temperature levels, are given in the original 
work of the physicists and it is from these that the values shown 
in the tables of tliis volume are deduced. Over limited ranges of 
temperature it is permissible to write 

C^=A-i-BT+CT^, 

where A, B and C are constants. Solving for the constants over one 
of these limited temperature ranges enable intermediate values of 
~E^) to be calculated. By covering the complete temperature 
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range from 400° F. abs. to the upper limits of 5400° F. abs. or 9000° p. 
abs. with these zones entirely satisfactorj' agreement with the original 
values was maintained, 

5. Internal Energy. The internal energy, E={Et° -E^), at any 
temperature T, is found from the total heat - E^°) by meaas of 
the relationship 

{E^°-E,°) = (Ht^-E,°)-^T 

= {Ht° -E°)-\-^B mT. 

6. Lower Heats of Reaction (Hp). The engineer uses the word 
“ lower ” in referring to heats of reaction only when dealing with the 
combustion of hydrogen or fuels containing hydrogen, because at room 
temperature hydrogen is the only constituent forming a vapour which 
condenses. Since the physicists, however, have reduced the gases to 
the hypothetical gaseous stale for which no condensation can occur, 
even when very low temperatures are considered, the heats of reaction 
for all gases must be referred to as “ lower ” heats of reaction. 

The lower heat of reaction plays an important part in dissociation 
calculations and it has to be observed that the heat of reaction of a 
fuel depends upon the temperature at which the reaction occurs. 
Thus, if carbon monoxide is burned at constant pressure the heat given 
to the surroxmdings, under isothermal reaction conditions, is the 
constant pressure heat of reaction at room temperature. If, however, 
the reaction were to occur at some higher temperature the heat given 
up, i.e. the heat of the reaction, will have a different value from that at 
room temperature. This is due to the change which occurs in the 
difference of the total heats between the products and reactants as the 
temperature of the surroundings is altered. The point is made clear by 
considering the combustion of carbon monoxide. In burning one mol 
of carbon monoxide at a temperature of 600° F. abs. the heat of reaction 
is foimd to be 121794 B.Th.U. as given in the tables on page 93. The 
reaction proceeds in accordance with the reaction equation, 

C0+^02=C02. 

The sum of the total heats JTj. - Eo of the reactants, i.e. of 1 mol. of 
CO and ^ mol of Oj at 600° F, abs. is 4173 + ^ x 4168 = 6257 B.Th.U. 
and of the products (i.e. of 1 mol of COg), 4626 B.Th.U. The difference 
between the total heats of the reactants and products is thus 6257 - 4626 
= 1631 B.Th.U. and this makes the heat of reaction larger than it 
would have been had there been no difference in these total heats. 
If now the reaction proceeds at 5000° F. abs. the difference in the total 
heats of the reactants and the products is 40449 + |-x 42123 -64132 
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= - 2021 B.TJi.U. The heat of reaction is thus 2621 B.Th.U, less than 
it ^vould hare been if there -n-ere no difference between the total heats 
of the reactants and products. The heat of reaction of CO at 5000° F. 
abs. is thus less than that at 600° F. abs. by the amount 1631+2621 
=4252 B.Th.U. and this equals the difference in the values of CO 
as given in the tables at 600° F. abs. and 5000° F. abs. Since the 
values of (//r° - are zero for all gases at 0° F. abs. there is no 
difference between the total heats of the reactants and products at this 
temperature and the heat of reaction, which is denoted by is the 
same as would be obtained at any other temperature pro-vdded the 
total heats of the reactants and the products were equal. Since, in 
almost all cases, there is a difference in the total heats and this difference 
is given b}' /I {11^° -Eo°), the true heat of reaction at any temperature 
is /1Eo° + ^(Ht'’-Eo1. For CO, AEo° = 120l63 B.Th.'u./lb. mol so 
that at 600° F. abs. = 120163 + 1631 = 121794 B.Th.U./lb. mol as 
given in the tables. Similarly at 5000° F. abs. = 120163 - 2621 
= 117542 B.Th.U./Ib. mol, as also given in the tables. 

It frequently happens that it is not possible to find, by direct means, 
the heat of reaction of a fuel. In this case it is necessary to apply 
Hass’s law, which states that the heat liberated bj' a reaction is inde- 
pendent of the path pursued between the initial and final states. If, for 
example, carbon is burned directly to form carbon dioxide the heat 
liberated is the same as Mould be the case if the carbon were first 
burned to carbon monoxide folloMod by burning of the carbon 
monoxide to carbon dioxide. 

Wc shall illustrate the application of the law by determining the 
heat of reaction of benzene vapour (CoHo) ^ temperature of 600° F. 
abs. The heat of reaction of benzene liquid can be found by first 
considering the liquid to be separated out to solid carbon and gaseous 
hydrogen. The carbon is then burned to CO, and the hydrogen to 
H,0 so that by applying Hess’s Ium' to these reactions we find the heat 
liberated in burning liquid benzene to gaseous COj and gaseous H,0. 
If benzene vapour had been burned instead of the liquid the latent 
heat required for evaporation of the liquid would not have been 
demanded from the fuel so that the heat of reaction of the vapour must 
bo greater than that of the liquid by this amount. Finally, if all these 
operations occur at the usual temperature at which the heats are 
quoted, namely 537° F. abs. (25° C.), the heat of reaction at 600° F. abs. 
must be calculated bj' talcing into account the difference in total heats 
between the reactants and products at 537° F. abs. and 600° F. abs. 

Bitzer has supplied the necessar 3 '- data to enable a calculation of 
the heat of reaction of benzene vapour to be carried out on the above 
lines. 
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When splitting up liquid benzene to solid carbon and gaseous 
hydrogen, as shown by the reaction equation, 

CoHofiiq) = 6C(8) + 3H2(g), 

the heat liberated at 637° F. abs. is 20,160 B.Th,U./lb, mol. (See 
Parks. To find the heat of reaction of C burned to COg we require 
the total heat of solid carbon, of gaseous Oj and of gaseous CO™ at 
637° P. abs. These are given as 251, 2069 and 2240 cals./gm. mol 
while the heat of reaction at absolute zero temperature is 93949 
cals./gm. mol. Wo thus have the heat of reaction for the combustion 
of carbon to carbon dioxide (C + 00=002) at 298* 1° C. abs. (25° C.) as 
AH = 261 + 2069 + 93949 - 2240 
= 94029 cals./gm. mol 
= 169262 B.Th.U./lb. mol. 

The table on p. 94 shows that the heat of reaction of H2 + |.02=H20 
at 637° F. abs. is 104009 B.Th.U./lb. mol. 

From the reaction equation 

CflHjdiq) 4- 7^02 = OCOg + SHgO 
we obtain the heat liberated at constant pressure 

=20160 + 6 X 169262 + 3 X 104009 
= 1347699 B.Th.U./lb. mol. 

Matthews gives the latent heat of benzene as 
i)= 107-06 - 0-16810 cals./gm. 
where 0 is the temperature in ° C., so tliat at 26° C. 

£, = 107-05-3-96 
= 103-1 cals./gm, 

= 8046-4 cals./gm. mol 
= 14481 B.Th.U./lb. mol. 

The value of £?p for benzene vapour is therefore (at 637° F. abs.) 

14481 + 1347699 = 1362180 B.Th.U./lb. mol 
and at 600° F, abs. with 

Ce^^coiq) "^^^2 ~ 6CO2 + 3H2O 

it becomes 

■®^jKooo) = 1362180 + (hTcoo ~ -S^637 )c,h, + (J£ooo ~ -^^ 637 ) 0 , 

— 6 (iJooo ~ -^^537)00, ~ 3 (£f(joo “■ •^'637)0,0 
= 1362180 + 1312 + 3369 - 3391 - 1508 
= 1361962 B.Th.U./lb. mol. 

The corresponding value at constant volume is 
£r,(eoo) = 1361962 + pT/J 
= 1361962 + 696 
= 1362648 B.Th.U./lb. mol. 
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since, under constant pressure conditions, there is an increase in volume 
amounting to ^ mol per mol of fuel burned. 

In tlic next paragraph the maximum work of a reaction is discussed 
and, as shown by Nernst, this maximum work is equal to the heat of 
reaction d£'o° at absolute zero temperature. 

7. Maximum Work of Reaction and Equilibrium Constant. In 

appl 3 'ing the second law of thermodynamics to determine the maximum 
available work obtainable from a heat engine the discussion shows 
tJint this maximum is a function of the temperature range within 
wliicli the working substance operates and further that this work is 
independent of the working substance. In the treatment, however, as 
usually given, only physical changes in the working substance are 
considered and all operations are regarded as reversible. IlTien the 
combustion processes occurring in an engine are considered it would 
appear, at first sight, to be impossible to regard these as reversible, 
and hence it would appear to be impossible to determine the value of 
the maximum work attainable from a reaction. A conceivable method, 
however, can be pictured of a reaction process occurring in which all 
operations are reversible and from which work is obtainable, so that by 
applying the same arguments to the process as is normally done to 
reversible physical changes it is foimd that the work obtained from the" 
reaction has a maximum value. This method, wliich enables an 
expression for the maximum work of reaction to be established, was 
suggested by van’t Hoff and is illustrated by the van’t Hoff equilibrium 
box. 

In fig. 11 the vessel A is a reaction chamber of very large capacity 
maintained at constant temperature T by the surroundings. The 
reactants, taken in this case to be CO and Oo, are contained in the 
vessels JB and 0 at the constant pressure p (in this preliminary discussion) 
and small quantities of these can be supplied, in the correct proportions 
for combustion, to the reaction chamber. Before entering the chamber, 
however, each gas is expanded isothermally in a motor to the partial 
prc.s.snro exerted by the gas in the reaction chamber. Work is thus 
rendered available, the amounts being, per mol of CO consumed, 

pv log, ^ and Ipv log, , 

Pco Vo, 

where v is the volume of the pound mol, pco is the partial pressure of 
the CO and po, the partial pressure of the 0«. As shown in the diagram 
the CO and Oj gases are enabled to enter the reaction chamber because 
scmipermcablc walls, siiitable for each gas, are fitted between the 
motors and the reaction cliamber. The COo formed by the reaction in 

vessel A escapes, ns soon as it is formed, through the semipermeable 
c 
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wall shown, to the COj receiver, ^hile the heat of the reaction is 
absorbed by the surroundings so t^iat the process is isothermal and 
reversible. The discharged CO 2 is compressed isothermally from its 
pressure pco, to original pressur(p p of the reactants. The expend- 


iture of work required for this is j‘ 


pviogi 


P 

Pco/ 


The net gain in work is thus, in hea-t units, 

j Pco ^ J V POi J PCOt 

=^i<,g,AL4x&. 

J Pco } Po/ . P 




All operations in the above reaction/ process are reversible since it is 
only necessary to return CO2 to the reaction chamber and let heat flow 
in from the surroundings to enable thi» CO2 to be split up to CO and O2 
.and these are then returned to their oHginal vessels. The work done, 
as given by equation ( 1 ), is thus maximum for the reaction 
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CO-^- j!Os=CO; occurring at the constant temperature T and constant 
pressure p. If now, at this same temperature T and pressure p, a new 
pet of conditions shouid exist in the reaction chamber so that the partial 
pressures of the reactants and products become p'co. ?>'o, and p'coji 
the same arguments shown above lead to the expression 


JiT 

J 


log, p« 


p'co, 

p'co >'■ p' op 


for tlio maximum work of reaction. Here also all operations are 
reversible so that this must equal the expression given in equation (1) 
as othenvise it would be possible to generate a continuous supply of 
energ}' merely by allowing the reaction shorring the greater work to 
drive the one showing the lesser when this acts in the reverse direction. 
Hence 

- i =-g. (2) 

Pco^ Po,' P CO ^Po, 


is a constant known as the equilibrium constant. In any mixture of 
gases in wliich CO, 0. and CO- are present alone or with other gases at 
the temperature T and total pressure p, the three gases CO, Oj and 
CO. must, under equilibrium conditions, have partial pressures which 
satisfy the relationship given by equation (2), otherwise it would be 
possible for work to be done on or by any of these constituents and the 
mixture would not then be in equilibrium. If the reactants and 
products are not initially and finally all at the pressure p it becomes 
necessary to add or deduct the isothermal works of expansion or com- 
pression to or from equation (1) in order to find the maximum work of 
reaction. The value of is, however, rmaffected by these changes. 
It is customary to take the pressure p, appearing in equation (I), as 
one atmosphere so that the maximum work of reaction becomes 
JiT 

-j~ log, Kp with the partial pressures expressed in atmospheres. It has 


to be observed that this maximum work does not include the work done 
on or by the gases due to a difference between the sum of the mols of the 
reactants and the products. The cylinders shown attached to the, 
receivers in fig. 11 indicate that for the.combustion of CO with Oj this 
work amounts to 


pv Ipv 


pi-_j, pv 
J~~T 


or 


J ' 


S. Free Energy. In the last paragraph it was shown that the 

- RT 

maximum work of a reaction is given by — log, Kp, where Kp is the 

</ 

equilibrium constant and is a function of the partial pressures of the 
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reactants and products of the reaction. In order to calculate the 
value of the following, method due to Willard Gibbs and developed' 
by Lewis will now be considered. 

If the total beat, absolute entropy and absolute temperature of a 
hjTJothetically ideal gas be denoted by and T we can write 

down a function in terms of these as 


F^—Sji — TSp, 

Since Ht and TS^ are state functions it follows that this new function, 
known as the thermodjmamic potential or free energy, is itself a state 
function. If now we denote this function for two states A and Boia 
substance by {F^)^ and we have, for an isothermal change, 

^t)a. ~ {Fq’)i3 = ^Fgt=AHji — ATS^=AHji — TAiSj’ 

where — and ASg^^ 

If the change is reversible TASt is the heat added and is denoted by Q 
say. We thus have 

AFqi=-AE[ji — Q=AEg^ +^PF — Q (1) 

and if we regard the change as occurring at constant pressure as well 
as at constant temperature, APV=PAV, which is the work done 
against the pressure P due to the change -in volume AV. Eewritin'g 
equation (1) as 

Q=AEa’ + (PA V - AF^), (2) 


and comparing it with the energy law, i.e. heat supplied = change in 
internal energy -f work done, we see that - AF,p represents the maximum 
work of the state change apart from that due to a change in volume. 
It is impossible for the maximum work obtainable to be any more or 
less than - AF^ and this applies to any reversible process in which the 
state chabges from A |o B. Thus, as quoted by Lewis and Eandall, 
consider th\^ action of alfaueous sulphuric acid upon zinc xmder constant 
atmospheric \pressure in a thermostat. Under normal conditions the 
reaction is hi^Wy irreversible and the only work performed is that due 
to the formation, of hydrogen which has to expand against atmospheric 
pressure. If, howqyer, the s\ame substances are arranged as a galvanic 
cell in the thermostat with' zinc as one electrode and a reversible 
hj'^drogen electrode as^the otheA and if the two electrodes are connected 
externally to an eleBibic notor so as to utilise the electrical energy 
now available, work wV^Oif perjfermed and this will be a maximum if 
the opposing e.m.e. ditito e only by an infinitesimally small amount 


from that generaU.^ "^^^tcell. Simultaneously with the production 
of electrical work zut’^^emters into solution at the zinc electrode and 
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liydrogen is evolved at the hj'drogen electrode. The -R-ork performed 
viil bo a maximum because, bj* subsequent reduction of the opposing 
E.M.r. below that of the cell, hydrogen is consumed and zinc precipitated 
so that the process is reversible. Hence the net work available under 
electrical conditions is given by 

(-4^ — An) — PAY 

where (A^-Ajj) is the external electrical work performed. Trom 
equation (2) the maximum work is - AF^ so that 
~AFT = (A^-An)-PAV. 

Hence for any process occurring at constant temperature and pressure, 

-AFT = iFT)A-iFT)B (3) 

is the maximum ^vork wliich is available and applied usefull}'. For 
this reason F is called the free energy. 

It has to be noted particularly that the work - AF of a reaction is 
not necessarily the same as the heat of the reaction. As shown by 
ICernst the two are equal at absolute zero temperature and vdll also be 
equal at any given temperature if the heat capacity, reckoned from 
absolute zero, of the reactants is the same as that of the products and 
if the sum of the entropies of the reactants is the same as that of the 
products. It has been shown that the maximum work of a reaction is 
given by the change in free energy, but no reference has been made as 
to how tlu’s change is computed. Since the thermal magnitudes are 
reckoned from absolute zero temperature, the change in free energy 
for a reaction must include the change in free energy at absolute zero 
temperature and this is equal to -AEg. Hence the maximum work is 
given by the e.xpression 

~AEg-A{F^-Eo) 

and, .since this is the same as the work available in the van’t Hoff 
equilibrium box, we have 

FT 

-j- log, = ~AEg-A {Ft -E g) 
or 

j log, -AEJT - A {FT-Eg)lT. 

(F ) F 

The function A — - —is given in the tables as also ABg so 

that the vnhie of log, Fj, is calculable. As an example, we choose the 
combustion of carbon monoxide with oxygen to form carbon dioxide at 
a temperature of 600° F. abs. The sum of the free energy fimctions 
of the reactants CO and 10, is -41-149-1 x 42-871= -62-585 
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B.Th.U./lb, mol x ° F. while the free energy ftmction of the CO, is 
-44'394 B.Th.U./lb. mol x “ F. The change is thus 


-62-585 + 44-394= -18-191 B.Th.U./lb. molx°F. 

Also the heat of reaction -AEq of CO at 0°F. abs. is given as 
120163 B.Th.U./lb. mol so that 

y| ET 

— ^ = 120163/600 = 200-272 B.Th.U./lb. mol.x° F; 

We thus have 

j log, a:, = 200-272- 18-191 = 182-081, 

and hence 

logio F:, = 182-081/1-987 x 2-303 
= 39-80 


and 


Zj, = 6-3096xl039 

as given in the tables. 


EXAMPLES ON THE USE OF THE TABLES 


Example 1 ^ - 

Flue gases leave a Bofler at a temperature of 600® F. and have the 
fractional composition : 62 , 0-098 ; N 2 , 0-799 ; COj, 0-098 and H 2 O, 
0-005. This composition gives an apparent molecular weight of 29-91. 
It is required to find the heat given up> by 1 lb. of these gases if cooled 
to a temperature of 80° F. at consta^nt pressure. Assume that the 
H 2 O remains in the gaseous state dowiij to 80° F. 

The total heat of the mixture hais to be calculated at 600° F. 
(1060° F. abs.) by multiplying the numroer of raols of each constituent 
by its total heat at 1060° F. abs. and sulmming the results so obtained. 


This procedure has to be repeated a] 
difference between these quantities then 


,)t 80° F. (540° F. abs.). The 
gives the heat liberated. 


Arranging the work in tabular form we have at.?'=I060°F. abs. : 


Gas 

; 

VoJ. or No. of mols (m) 

V 

Hi0!O 

mHioto 

O2 


7549 

739-8 

N2 

0-799 . 

1 7416 

5925-5 

CO2 


) 9378 


H2O 


^ 8636 

43-2 


XmHioeo =7627-5 
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and at- T—o4k0!^ F. abs, : 


Goa 

m 

■Ht(o 

mSiif 

Oz 

0-098 

3751 

367-6 


0-799 

3753 

2998-7 

CO, 

0-098 

4088 

400-6 

H,0 

0-005 

4318 

21-6 


=3788-6 


The difference in total heat is thus 

7627-6 -3788-5=3839-0 B.Th.U./lb. mol 

and since the apparent molecular weight of the flue gases is 29-91 the 
heat given up per pound is 

3839-0/29-91 = 128-4 B.Th.U. 


Exajiple 2 

Tlie products of combustion of a petrol engine, supplied with 20 per 
cent, excess air, liave the following volumetric analysis : Nj, 0-7466 ; 
Oj, 0-0329; COj, 0-1084; HjO, 0-1121. This gives an apparent 
molecular weight of 28-75 and gas constant i? =63-70. If the tempera- 



Fio. 12. 


turo of the charge at the beginning of compression is 100° F. and the 
comprcs.sion ratio of the engine is o, it is required to find the ideal 
thermal cfiicienc}'’ of the engine. The calorific value of the petrol used 
is 20,300 B.Th.U./lb. and it.s gravimetric composition is 85-3 per cent, 
c.arbon and 14-7 per cent, hydrogen. 

In determining the ideal efiiciency, it is permissible to assume that 
the working substance consists of tho products of combustion through* 
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out the complete cycle. The ideal cycle consists of fsentropic com- 
pression {AB in fig.- 12)j constant rolume huming (BO), fecntropic 
espansion (OB) and constant -volume cooling (BA). 

In order to find the temperature at B, a value is first assumed and if 
correct, it -will be found that the entropy at Bis the same as at .1. If 
this agreement is not obtained the process is repeated until the con- 
dition is satisfied. 

Denoting the pressures at A and B by and pj,, ve have, for the 
entropy at A, 

,Sj^ (S^)j_ ~Zm log i-f log, -i- ( 1 ) 

•j Tt> ^ Pa 


-frhere, for each constituent, m is the number of mols, (S^y)^ is the entropy 
at a pressure of 1 atmosphere and Pp the partial pressure {in atmo- 
spheres) when the pressure of the mixture is 1 atmosphere, is the 
total pressure (in atmo.spheres) of the gas mixture at A. The first 
term on the right of equation (1) represents the entropy of the gas 
mixture -with each constituent at a pressure of 1 atmosphere (as 
given by the tables). The second term is the correction necessarj' to 
bring the mixture to a juressure of 1 atmosphere so that each con- 
stituent is subjected to a reduction in pressure from 1 atmosphere to its 
N -al pressure pp. The third expression gives the nece^iy 

bring the mixture from 1 atmosphere pressure to pj the 
wirection td'"^ ^ 

PTBS^^^UTQ afj >4 \ • 

7 - “ , , ' yway the entropy at Bis given by the expression 

-ui the same vr 


B. 


1 E. 


"e = Z m (<Sj)j 5 AZm-=log,-—Ay log 

) j Pp j 


Pb 


rjr, t®as on the right of equations (1) and (2) are equal so 

that thed^^ ^^nahcjj entropy hetiveen the state points A and B is grren 

&y the expression 'V H 

y (^tU -f J iogf — 

' to 



but 


frhere r, is the eompression^r — ^b 


This 


gives 


S^-ZE=Zm(Z^)^ -Sm 


O-Oi 

0-79 

-OOo- (.52-)n -f J log« r, ^ 


Ay Io\ 


— Xot {S^)bA— 

' A M 


B. 

'J 


.( 3 | 
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The first two terms on the right remain constant for all assumed values 
of Tji so that it is advisable to determine their sum independently and 
equate this to the last two terms. Arranging the work in tabular form, 
wo imvo 


Gas 

Vol. or mols (m) 




0-7400 

46-067 

34-41 

0„ 

00329 

49-299 

1-62 

CO, 

0-1084 

51-462 

5-58 

H,0 

0-1121 

45-452 

5-09 


Ewj/S’jee —46-70 


it r 

The second term in equation (3) is -= log« ~ 

i A 

= 1-986 X 2-303 logm 5/560 
= - 9-371 E.U. 

The first two terms in equation (3) are thus equal to 46-70 - 0-37 = 37-33 
E.U. and tliis must equal 

2Vre(<S'j.)B-j]og, Tjj. 

For I'm(iSx) 2 ! it is convenient again to arrange the work in tabular 
form with an assumed temperattire of ?’j 3 = 1000° F. abs, : 


Gas 

m 

^1000 

.. 

^^1000 

N, 

0-7400 

50-158 

37-44 

Oc 

0-0329 

63-533 

1-76 

CO, 

0-1084 

67-284 

6-21 

HiO 

0-1121 

GO'257 

5-63 


ETn^iooo — 51-04 


and j log, J’ij= 1-986 x 2-303 logic 1000 
‘ =13-72. 


n 

Hence -^mSiooo-jiogfTj} 

=51-04-13-72 

=37-32 

as against 37-33 for the first two terms so that the assumed temperature 
for of 1000° F. abs. may be accepted. The corresponding value of 
the internal energy E, at the point B is found by multiplying the 
number of mols of each constituent in the products by its internal 
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energy value as given in the tables at 1000’ F. abs. and summing the 
products. It is convenient to carry out the calculation in tabular 
form as follcnrs : 


Otis 1 

3 

m 




0-7460 

4998 

3731-5 

0* 

00329 

5104 

167-9 

CO, 

0-1084 

G722 

728-7 

HjO 1 

0-1121 

6130 

6S7-2 

i 


F.==2:mFjoco=-’5315-3 


In order to find the temperature T^, at the end of the constant voltune 
burning period, its value is first assumed and the internal energy of 
the products calculated. If this is found to equal F. Q, i.e. the internal 
energy at the point B plus the heat added per lb. mol, then the aesumed 
temperature is correct. If not, the process is repeated until the con- 
dition is satisfied. From the data supplied in the statement of the 
problem it can be shoTvn that the weight of the products of combustion 
per lb. of petrol is IS-So lb. so that the heat added is 

( g=20,30i >: 28-75/18-85= 30964 B.Th.U./lb. mol, 

t 

If now Ve assume Tg to he 5200’ F. abs. the value of Bs is found as 
follows : I 


Gas 

m 

i 


i 

0-7466 i 

31560 

23563 

0, 

0-032.9 i 

33680 

t 1108 

CO, 

0-1084 ! 

56796 

i 6156 

h,6 

0-1121 ! 

45907 

1 

5146 


Fj = ZVnFjjoa =35973 


Since this is less than the required value of 36279 the assumed 
temjjerature of 5200’ F. abs. for Tg is too low. By further trial and 
error the required value of is found to be 5238® F, abs. and the 
corresponding value of B^ is 3G280 B,Th.TJ./lb. mol. 

The entropy of the gaseous mixture at C must be the game a.s at D 
so that the temperature at B has to be found, by trial and error, until 
this condition is satisfied. The calculation is similar to that carried 
out during compression so that the detailed method does not require 
to be repeated. It is found that the required temperature at B h 
3500’ F. abs. and the corresponding value of Ej) is 22683 B.Hi-U.^b. 
mol At F. abs. the value of Ej, is 2887 B.Th.U./lb. mol. 
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The efficiency is given by the expression 

(Eg - Es) - (Eji — Ej^) 

(Eo-Es) 

— 1 (-^n -Ejj) 

Q 

22683-2887 
“ ^ “ 30964 

= 0-361. 


EXAAnPLE 3 

A nozzle is supplied with air at a pressure of 62-0 ib./in.- abs. and 
temperature of 1600° F. abs. If the rate of air flow is 10 Ib./sec. and 


the pressure at outlet from the nozzle is 
14-7 Ib./in.- abs., find the tliroat and exit 
areas. Assume that expansion to the throat 
is isentropic and that the frictional loss, 
for the complete expansion between inlet 
to and outlet from the nozzle is 15 per 
cent, of the isentropic heat drop. Assume 
also that the composition of the air by 
volume is O,, 21 per cent, and Nj, 79 per 
cent, so that the molecular weight is 28-84 
and the gas constant is 53-63. 

It is necessary to find the mean isentropic 
index of expansion y between the nozzle 
inlet and throat. The critical pressure ratio 
(r,) is given by 



and if y is taken provisionally as 1-4 we 
have re=0-53 so that the throat pressure 
is nearly 0-53x62-0=32-9, say 3*3 Ib./in.® 



abs. and the corresponding temperature is Ts—TjTc f = 1334-5° P. abs. 


Tlie mean value of y between A and B in fig. 13 (where A represents 
the state point of the air at the nozzle inlet and B at the throat) can 
bo found, when Tjj is knov^-n, from the relationship 


TaITb=(PaIPb) (2) 

and the critical pressure ratio can then be found from equation (1). 

The entropy of 1 mol of air at .4 is given by the expression (see p. 30) * 

Em Sjf^f,+Em~= log, — log, — , 
u m J Pj 
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Tvliere m is the fractional number of mols_of the gases, oxygen and 
nitrogen. The corresponding expression for the entropy at B U 


y log,— -^y l0g,-r- . 
J m J ^ pj2 


Since the entropies at A and B are equal, ^re hare 


V> O T. J 1 

>^ieoo -i-Bmy log, - -f y log, — 
J Ttl J 


SO that 


—Bm Sj 33,,5 -fiTm ~ log, ^ log 


1 R, 1 
— r-f log, — , 
m J ° Pe 


Em Sicoo — Bm log, ^ . 

«/ . Pb 


Since m for Oj is 0-21 and for Kj, 0-79, -pre have 

0’2l {Si£S5p)o,4- 0-79{<9j53p)j,-, ~ 0-21 (S]33j.5)o, — 0*79 (Sjjjj.Jjf, 

R , 62*0 

=ylog,— — 

J Vb 

from rrhich p^ fr calculable. 

Trom the tables (^i eoo)o,= 57*240 ; {/9uoo)-v, =53*017 ; 
=o5*769 and (/Sujj.s).,-, =52*252. 

Hence 

y log, — =0*21 (57*240 - 55*769) -f 0*79 (53*617 - 52*252) 

V Pj3 


log 


= 1*3874; 

62*0 _ 1*3874 

Pe “1*987x2-303' 


=0*30336 ; 


Pb= 30*833. ' 

It has to be remembered that these values of Ib./in.® abs. 

and Ti>= 1334*5® F. abs. are not the true values at the throat, but they 
are on the isentropic curve passing through A and so the mean index 
7 found from them must be nearly correct. 

From equation (2) *!ve novr have 

1600 


10 / 62*0 \ 
1*4“V30*833/ 


y-l 

y 


1334* 

from "which 7 = 1*351. 

The critical pressure ratio is thus 

J-ZSl 

( 2 
=0*537 

£0 that the critical pressure is 0*537 x 62*0 

=33*30 lb./in.2 abs. 
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The corrected value of Tb is norr given by 

0-351 

= 1361-4" F.abs. 

The specific volume at the throat is given by 

VB=IiTIU4p = 53-53 x 1361-4/144 x 33-30 
= 15-20 ft.3 /lb. 

In order to find the throat area, the throat velocity is required. This 
is found from the isentropic heat drop between A and B, i.e. 

between the temperatures 1600° F. abs. and 1361-4° F. abs. 

Thus 

= 0-21 (-ffifloo ~ B[ ia(si-4)ot + 0-/9 {Hxcoo ~ ^i3ci-4)st 
= 0-21 (11842 - 9909) + 0-79(11420 - 9622) 

= 1827 B.Th.U./lb. mol. = 63-35 B.Th.U./lb. 

Tlie velocity at the throat is given by 

F^ = 223-8.763-35 
1781-2 ft./sec. 

The throat area is now given by 


Ab^IUvivbIVb 

= 144x10x15-20/1781-2 
= 12-28 in.* 


For the complete expansion through the nozzle it is necessary to find 
the isentropic heat drop from inlet to outlet. / This is determined in the 
same way as before when finding the throat area, but in this case the 
lower pressure is kno-vvn, so that the entropy equation is, with Tjj equal 
to the temperature at the nozzle outlet, 

0-21 {{/5i6oo)o, ~ (^rx))o,} + 0-79 {('Sjeoo)!,-, - (/S^y^)?,-,} 

=^Ioge 62-0/14-7 

or 0-21(5i,oo)o.+0-79(-5icoo)x.-|log. 62-0/14-7 

= 0-21 (<Sry>. + 0-79 (-Srj,^)^,, (3) 

The expression on the left of equation (3) is first determined, after 
which the temperature Tp is assumed and, if correct, it "svill be found 
that the equation is satisfied, otherwise the procedure is repeated rmtil 
agreement is obtained. 

Inserting the values (.Sifloo)o.=67-240 and (-Sicoo).v. = 53-617, as 
given by the tables, on the left-hand side of equation (3) we have 
_ 0-21 X 57-240 + 0-79 x 53-617 - 1-986 x 2-303 log, 62-0/14-7 
= 12-021-1-42-357 -2-859 
= 51-52 E.XJ. 
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If we. assume rj=1100'’F. abs. the tables give (-Sjioo)o.= 54-260 
and ('?iioo)n, = 50-842 so that the right-hand side of equation (3) is then 

0-21 X 54-260 + 0-79 X 50-842 
= 51-56 E.U. 

as against 51-52 E.XJ. for the left-hand side, so that the assumed value 
of rj)=1100°r. abs. may be accepted. The isentropic heat drop 
between 1600° F. abs. and 1100° F. abs. is now found from 

(^s)ji>=0'21 (■S^i8oo~-^iioo)o. + 0-79(Zrj5(,o ~-^uoo)x, 

=0-21 (11842 - 7855) 0-79 (11420 - 7704) 

= 3773 B'.Th.U./lb. mol. 

The net heat drop is 0-85 of (2l,)^jo, so that we have 

0-85 X 3773=0-21 (^1,00 -^ 2 ,^) 0 . -fO-79(iri«oo-/^Pc)N. (^) 

where Tc is the actual temperature at the nozzle outlet. 

has to be guessed so as to satisfy equation (4), Trying iTc = 1200° F. 
abs. we have 


0-85 X 3773 = 0-21 (11842 - 8631) -f 0-79(1 1420 - 8430) 
3207 = 3036, 


so that agreement is not obtained. , 

The heat drop calculated on the right-hand side of the equation is too 
low and therefore the guessed temperature is too high. By further 
trial and error it is found that the correct value of fPc is 1177° F. abs,, 
so that the specific volume of the air at the nozzle exit is 

v. = 53-53 X 1177/144 X 14-7 
= 29-77 ft.3/lb. 

and the exit velocity is ! . ' 


Fc = 223-8,yill-2 
= 23'()0 ft./sec. 

since the net heat drop per po^d of air is 

3207/28-^ = 111-2 B.Th.U. 


The exit area is thus given by 

^c=144 


= 18-16 


X 10 X 29-77/2360 


m.-' 


Example 4 

A closed vessel of 1 ft.® internal capacity contains air at a temperature 
of 4000° F, abs. and pressure of|l atmosphere. If the air is^ooled at 
constant voliune to a temperatune of 520° F. abs. which is the tempera- 
ture of the surroundings and thefheat thus liberated is used as a source 
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, X finri the maximum attainable work. Neglect 

^ . pe. c.. or 

and 70 per cent, f by the point el 

The initial state pom x r, jc- „ constant volume curve with B 


A 



the elementary maximum work is that given by the Carnot ^ 

cvelo when the heat source is at T and the temperature 

it is given by the elementary area shown shaded in t e i ' 

Hence for the complete cooling from A io B the 

work is given by the area ABC. This area is equal to 

= {Zn {Ej^ - Eb) - Bo20n {Sj, -Sb)}, 

where E and S represent the internal energy and entropj values and n 

is the number of mols of O 2 and N* in the air. 

'file values of 5^ and Sb are found as follows. At A the pressure o 
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The area BGED =520 (Sj, - Ss) 

=520{0-02159- 0-01758) 

=2-085 B.Th.U. 

a’he change of internal energy {Ej, - Es) between A and B is given by 

no, (E_i - Ej3)o^ -r ns , (-^a - • 

= 0-0000719 (24887 - 2574) + 0-0002707 (23423 - 2581) 

= 7-24G B.Th.U. 

The available energ}' is thus 

7-246-2-085 
=5-161 B.Th.U. 


E.X.A3IPLE 5 

CJalculation of maxunxun attainable temperature neglecting the 
formation of NO and assuming no dissociation of Nj when CO is burned 
adiafaaticallj' at constant volume with the theoretical minimum air 
supply. 

Por this combustion, if carried to completion, the reaction equation is 
CO -f iOj-f 1-88IN2=C02 -f l-SSlNj, 

assuming that the air consists of 21 per cent, of Oj and 79 per cent, of 
Nj by volume. Let the initial pressure, volume and temperature of the 
precombustion mixture be Pj, Fj and Pj and the iinal corresponding 
values of the dissociated post-combustion mixture be P^, Vg and P, 
with Fj=F]. Let the fractional volume of COg dissociated be x 
mols per mol of COjSO that the amoimt of CO 2 remaining is (1 - 2 :) 
mols. The oxygen liberated by the dissociation is ^-x mols while 
the CO liberated is x mols. We thus have for the initial and final 
mixtures .- 


Initiatly nl P,, V, and T, 

Finally at P„ F, and T. 

> 

CO - - . - 1 mol 

fjQ - X mol 

' - - - ^ mol 

CO, ■ - ■ (l-a:)mol 

- - - - 1-881 mol 

0, - ' ■ 


- 1-881 mol 

Total =3-381 mol 

Total = (2-881 + \x) mol 

=a!i 

— W22* 

j 


Let the partial pressures of the gase^ nnd Nj in the 

products of combustion be denoted h\ 

Edio of thc-'^o partial pressures of eacf to the total pressure P. 
of the mixture is the same as the number of mols of 

x> 
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Since Kpco is a function of there are two unknomis involved, 
iiamelv and x. Anotlier equation must therefore be established 
before these can be determined. This is given by the thermal energj- 
equation which is established as follows. 

The initial mixture of CO, Oj and X, is considered as being heated at 
con.stant volume from T, to T, %nthout change in composition. The 
lieat required for this is the change in internal energji- between and 


Tj. that is, 

(JS'co + i^o, "t" 1 — (Eco + i^'o, + 1 ' 881 ^^ 1 ,-, ) 7 >,. 

The CO is now allowed to burn at T, to CO,, liberating the heat of 
combustion //r,. The z raols of CO, are now dissociated for which the 
heat required is zE^^. If the complete process is adiabatic we have, 
IIf^~zHr^ = {Eco + 2-^0,+ ~ (-^co + i*^o, + l‘S8lJ5'i,-,)r, — (8) 

An alternative way of regarding the process is as follows. The mol 
of CO is first burned completely to CO, at Tj so that the heat liberated 
is //r,. The products now consist of 1 mol of CO, and T881 mol of X,. If 
these jiroducts arc heated at constant volume to jP, they absorb the heat 


i^cot'i' l‘881.0x,)r,-(.^co,+ 

and finally, for the dissociation of z mols of COj, the heat required is 
a'/Zr,. For adiabatic conditions therefore 

7/p, - zTIf^ = {Eco, + l'881^?2,-j)yj - {Eco, + l’881^1yj)r, (3) 

This can be reduced to equation ( 2 ) but it is simpler to use it as it 
stands in solving for x vdth assume'd values. 

The above equations are now applied to the following particular case. 
One mol of CO along with the necessary air for theoreticall}' correct 
combustion is contained in a closed space at a temperature of 600® F. 
ab.s. and pressure of l‘ atmo.sphere. It is required to find the maximum 
attainable temperature due to adiabatic combustion of the CO at 
constant volume. 

From the energy equation (3) we have with //p, = 121198 B.Th.U./lb. 
mol and ( 3434 + 1-881 x 2979) 

. =9037 B.Th.U./lb. mol. 

Hence 121108~xffr,={Eco, + ^- 88 lE 2 ;Jr, ~ 0037, 

or z/I,, = 130235- (Eco, + l-881E>,Jr, (4) 

By assuming values of Tj the corresponding values of Eco, and Ej,-, 
are found from the tables and z is then calculable from equation ( 4 ), 
Using these calculated values of z, the values of Ep are determined from 
equation ( 1 ) and plotted to a base of T, values. Tlie true A', values, 
ns given by the tables, are also plotted to the same base. The point of 
intersection of the two curves gives the required upper temperature 
limit T,. 
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TiieVork is conveniently arranged in tabular form as follows : 


T, 

= 4800 

4900 

5000 

-^COj 

= 51606 

62900 

54197 

l-881^7if. 

= 54229 

65510 

56793 

■®co, + 1'881 T?n, 

= 106835 

108410 

110990 


130236 

130236 

130235 


= 24400 

21826 

19245 


= 1130.60 

112813 

112574 

X 

= 0-2158 

0-19.35 

0-1710 


At 4800° F. abs. 

K / 

a;* ' 

'6-762 X 600\i 

^ 1 x4800 / 


_ 0-7842 

/4057-2y 


0-2158“ 

V 4800 / 


= 7-191 


At mO°F. abs. 

0-8065 

J.X ^ g 

0-1936“ 

/6-762xC00y 
\ 1x4900 / 


= 8-624. 


At 6000° F. abs. 

_ 0-8290 
”*”0-1710^ 

/6-762 X 600\^ 

V 1 x6000 / 


= 10 - 666 . . 

The curve AB (fig. 16) rejiresents the true Kp values, while the 
curve CD represents the curve given by the K,, values calculated above. 
!2 


10 

8 


6 

The curves intersect at 1\=4:WF. abs. which is therefore the 
maximum attainable temperature. The corresponding value of a;, that 
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is tile fractional amount of CO, dissociat-ed, can now be found firom the 
tabular calculation of equation (I) as follows : 

T. = 4908 

^co, = 53004 

l-SSli^y, = 55613 

+ =108617 

130235 

a-Z/f, = 21618 

Hr, 112832 

X 0-1916 

Tlic percentage of CO» dL^isociated is thus 19-16. 
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The cui-ves in fig^ 16 show Iiow the maximum attainable temperatures 
vary with different initial temperatures and different initial pressures 
while those in fig. 17 show the percentage dissociation of C0»: The 



Fio. 17. 


points required to plot these curves were obtained in the same way as 
shown in the sample calculation above, where the initial temperature 
'was 600° F. abs. and the initial pressure was 1 atmo.sphere. 

Example 6 

Calculation of Maximum Temperature in Gas Engine Cycle 

The following data were obtained from a test carried out on a 
Crossley four-stroke gas engine in the James Watt Engineering 
Laboratories, The University of Glasgow. 

Speed, 218 r.p.m. 

Explosions, 100-5 per. min. 

Temperature of exhaust gases, 1423° E. abs. 

Gas consumption, 3-316 ft.®/min. at s.t.p. 

Barometer, 29-37" Hg. or 14-42 Ib./in.^ abs. 

Air consumption, 1-754 Ib./min. 

Stroke volume, 0-334 ft,® 

Clearance volume, 0-092 ft.® 

Pressure at beginning of suction stroke, 14-42 Ib./in.® abs. 

Pressure at end of suction stroke, 12-98 Ib./in.® abs. 

Also, assumed composition-of air by volume : 79-1% Nj, 20-9% O 2 , 

and by weight : 76-8% Ng, 23-2% Oj. 


Molecular weight of air, 28-84. 
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From the above it is seen that the volume of air used per minute is 
1-754 X 359/28-84=21-83 at s.t.p. 

Volume of air used per cycle is 

21-83/109 = 0-2003 ft.® at s.t.p. 

Volume of gas used per cycle is 

3-310/100-5 = 0-0330 ftJ at s.t.p. 

Air-gas ratio = 0-2003/0-0.330 = 0-070. ^ . 

Volume of nitrogen in air supply per ft.^ of fuel gas is 
0-791 y 6-070=4-8014 ft.= 

Volume of oxygen in air supply per ft.® of fuel gas is 
0-209x0-070 =1-2686 ft.® 

For the determination of the ideal maximum gas temperature from 
the data found by e.xperiment the following method has been, adopted. 
'Flio fuel gas analysis and air ga.s ratio enable the analysis of the post- 
combu.stion mixture to be obtained and tliis is assumed to be the 
same as that of the gases filling the clearance volume at the beginning 
of the suction stroke. Also the measured temperature of the gases 
leaving tlie engine is assumed to be the same as that of the gases filling 
the clearance volume at the beginning of suction so that the weight of 
those gases can bo determined. The sum of the iveights of the air, gas 
and residuals gives the total weight of the charge at the beginning of 
compression. The gas constant of the charge is found by calculation and 
hence the temperature atthe beginning of compression can be determined. 

The temperature To at the end of isentropic compression is found by 
trial and error as follows. A tentative value of Tj is first assumed and 
from this the absolute entropy of the charge is calculated. If this is 
found to be the .same as the absolute entropy of the charge at the 
beginning of compression, i.e. at Tj, the assumed value of To is correct ; 
othenviso a new value of T, is again assumed and the procedure is 
continued until the stated condition is satisfied. 

In order to find Tj, the temperature at the end of constant volume 
burning, the foUnwing method is adopted. From the calculated 
volumetric analysis of the charge the composition of the products with 
no dissociation is first determined and from this the composition of the 
, products with dissociation is expressed in terms of z, y, u, and z, where 
j;=thc number of niols of COj dissociated to CO and Oj 
,V=tho number of mols of HjO dissociated to and Oj 
n =thc number of mols of HjO dissociated to Hj and OH. 
c = tho munber of mols of NO formed from Oj and K;. 

The attainment of the final state of the constant volume burning 
j’oriod can be imagined as occurring in the following steps. The charge is 
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first burned isothermally and completely, i.e. without dissociation, at T^, 
the temperature at the end of compression. The products thus formed 
are then heated to an assumed.equilibrium temperature after which 
they are dissociated, at tliis temperature, to give the final equilibrium 
state. The heat liberated by the combustion of tlie charge at Tg must, 
imder adiabatic conditions, be equal to that required to heat the 
products from to together with that required to effect the dis- 
sociation. An equation connecting x, y, u and z can thus be established. 
Since, however, there are five unknowns, namely, T^,- x, y, u and 2, 
four other equations are required for a complete solution. These are 
supplied by the equilibrium constants (/Qco,. and 

(jK’j,)iio- If the five equations are satisfied the assumed value of is 
correct, otherwise further trial and error is required until the conditions 
are satisfied. 

The analysis of the Glasgow Corporation gas used in the test was as 
follows ; 


Gas 

V 

m 

mv 

ui fractional 

co„ 


4^ 

1-452 


(assumed.CtH^', 

0-020 . 

..--’'28 

0-660 


O 2 


32 

0-288 

^BBi B^B 

CO 


28 

4-266 


CH^ 


16 

2-880 


^2 

0-498 

2 

0-996 

0-0740 

N 2 


28 

3-024 

0-2248 

Apparent molecular weight, Zmv 

= 13-456 

1-0000 


From this analysis of the fuel gas and the air gas ratio of 6-070, found . 
above, the composition of the post-combustion mixture can now be 
found. Tliis composition is assumed to bo the same as that of the 
products which fill the clearance volume at the beginning of the suction 
stroke. 


In fuel gas 

Vol. 

Vol. of COj 
formed 

Vol. of HjO 
formed 

Vol. of Oj 
required 

CoH. 

0-020 

0-040 

0-040 

0-060 

CO 

0-162 

0-162 

— 

0-076 

CH 4 

0-180 

0-180 

0-360 

0-360 

Ha' 

0-498 

— 

0-498 

0-249 

COa 

0-033 

0-033 

— 

— 

Oa 

0-009 

— 

— 

0-009 

Ha 

0-108 

— 

' 



21002 =0-405 

ilHaO =0-898 

2702=0-736 
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Thc excess volume of oxygen in the products is ’ 
1-2680 -0-7360 = 0-5326 ft.® 


and the volume of nitrogen in tlie products is 

4-8014 -f 0-1080 = 4-9094 ft.® 


The apparent molecular weight of the products is found tubularly as 
follows : 


Gns 

*' per ft.’ of pas 

t) fractional 

rti 

mv 

CO. 

0-4050 


44 

2-040 

EoO 

0-S980 


18 

2-396 

o: 

0-6326 


32 

2-528 

N, 

4-9094 

0-7279 

28 

20-381 


6-745 

1-0000 

= 27-945 


The apparent molecular weight 27-95 say. The 

universal gas constant =1546 (with .5//= 1-9869). Hence the gas 

ft lb 

constant for the products is 1546/27-95=55-31 ^i^tl the weight 

of the residuals is given by 


_ 144x14-42x0-092 

55-31 x1423 

The gas constant for the gaseous fuel is 


= 0-002427 lb. 


i?B = 1546/13-46 = 114-9 


ft. lb. 
lb. X “ F. 


so that the density of the gaseous fuel is 

p^ = 144 X 14-696/114-9 X 492=0-0374 Ib./ft.® at s.t.p. 
The weight of gas supplied per working cycle is 


or 




YjPz 

n 


where Yg is the volume of gas used per minute and n is the number of 
explosions per minute. 

This gives 

ti), = 3-316x 0-0374/100-5=0-001234 lb. 

The weight of air used per cj'cle is 
IF 

«>o=^== 1-754/109 = 0-016092 lb. 

JS jZ 

where IF^ is the weight of air supplied per minute and K is the speed in 
ror-olutions per minute. 
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The total weight of the charge is thus 
W=Wr-htVa+'U^a 

= 0-002427 -f 0-01 6092 + 0-001234 
= 0-019753 lb. 

The gas constant for the charge is given by 
W 

_ 0-002427 X 53-31 + 0-001234 x 1 14-9 + 0-016092 x 53-58 
~ 0-019753 ■ 

= 57-62 

^ lb. x°F.' 

The temperature at the beginning of compression is given by 
_ 144x12-98x0-426 
0-019753 x57-62 
= 699-5 or say 
700° F. abs. 

The volume of the residuals at 14-42 Ib./in,^ abs. and 1423° P. abs. is 
0-092 ft.® so that the volume under s.t.p. conditions is 
_ , 0-092x492x14-42 
~ 14-696 X 1423 

=0-0312 ft.® 

The s.t.p. volume of fuel gas used per cycle is 0-0330 ft.® (page 45) so 
that the volume of residuals per ft. ® of fuel gas is 
0-0312/0-0330 = 0-9454 ft.® 

The composition of the residuals is given on page 47 so that the volume 
of COj, HaO, 'Oo and Nj in the residuals per ft.® of fuel gas is found by 
multiplying each of the respective fractional volumes by 0-9454. This 

COs O-OOTOx 0-9454 = 0-0567 

H„0 0-133hx 0-9464 = 0-1258 

Oa 0-0790x0-9454=0-0747 

Na 0-7279 x 0-9454 = 0-6882 

Adding these to the total air and constituents of fuel gas the com- 
position of the charge is as sho^vn below : 



Residuals 

_Air 

Fuel gas 


No. of jnols per 
mol of charge 


Ha 

COa 

1 

0-0567 

0-4980 

0-0330 

0-4980 

0-0897 

0-0G2I3 

001110 
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Pressure and Temperature of Charge at end of Compression 
The composition of tiie cliarge given above enables the absolute 
entropv (jSj) to be determined at tlie beginning of compression and 
this must equal the absolute entropi' (S,) of the charge at the end of 
isenfropic compression. Following the procedure indicated in 
example 2 we have (see equation 3. p. 30) 

.S, 92 = 0 =i7m(6V)i+j log, ^ - i7m (. 9 ^) 2 + j log, T, (I) 

wliere r, is the compression ratio. TJie first two terms on the right-’ 
hand side of the equation have a constant value and are therefore 
determined before proceeding vdth the subsequent trial and error calcu- 
lation. Arranging the work in tabular form gives (with = 700° F. abs.) 

m{ST)i 

(forCjHj) 0-00250 X 5G-466 = 0-14117 

(for CO) 0-01896x49-182= 0-93249 

(forCK,) 0-02246x46-826= 1-05171 

(for Ho) 0-06213x33-078= 2-05513 

(forCOj) 0-01119x53-569= 0-59944 

(forHjO) 0-01569x47-285= 0-74137 

(forO.) 0-16871 x50-913= 8-58953 

(for X,) 0-69836 x 47-648 = 33-27546 

Em(Sr)i 47-38630 

The second term in equation (1) is 

y log. 1-9869 X 2-303 log ^ 

= - 9-970S8 

From previous trial and error methods it is found that with 
1Z’2=1235°F. abs. equation (1) is satisfied. Tliis is eonfirmed as 
follow.®. The value of the last term in equation (1) is now given by 

y log. To = 1-9869 X 2-30258 log 1235 

1 tf 

= 14-1444. 

The value of miS^)^ is conveniently found tabularh’' as follows : 

m {St)s 

(forC-H^)' 0-00250 x65-69'7= 0-16424 

(for CO) 0-01896x53-240= 1-00943 

(forCH,) 0-02246x53-267= 1-196.38 

. (forHj) 0-06213x37-039= 2-30123 

(for CO,) 0-01119x59-687= 0-66790 

(forHjO) 0-01569x52-098= 0-81742 

(forO.) 0-16871x55-156= 9-30537 

(for Nj) 0-69836 x 51-680 = 36-09124 

51-55321 
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These calculated values, vlien inserted in equation (1), give 

'S'l — ^2 — ‘i'i'38630 — 9"97088 — 61'5532 + 14-1444 
= 0-00661 E.U. 

which is near enough zero to justify the assumed value of 1235“ P. abs. 
for Tj. The corresponding pressure is found from 

T, T, 
or 


V.j\ 

_ 12-98x4-631x1236 
1 x700 

= 106-1 Ib./in.^ abs. 
or 7-220 atmospheres. 

The composition of the charge is given on page 48, but the com- 
position of the products formed with complete combustion is required. 
This is conveniently found from the following table. 



Mols produced 

Mols of Oj 
required 

N, 

Combustion of— ' 
0-00250 mols of 
0-01896 mols of CO 
0-02246 molsofCHi 
0-06213 mols of Hj 

CO, 



0-00500 

0-01896 

0-02246 

0-00500 

0-04492 

0-06213 

i 

0-00750 
0-00048 ; 
0-04492 
0-03107 

i 

■ Total 


0-11205 

0-09297 


CO 2 present in charge 
H 2 O present in charge 
O 2 present in charge 
No present in charge 

0-01119 

0-01569 

0-10871 

1 

0-09836 

Total in products 

0-05761 

0-12774 

0-07574 

0-69830 


The composition of the products with complete combustion is thus 


COj 

H2O 

O2 

Na 


0-05761' 

0-12774 

0-07574 

0-69836. 


per mol of charge. 


0-95945 


Constant Volume Burning 

Proceeding now along the lines indicated on p. 45 the heat of 
combustion of one mol of the charge at ^2 = 12S5° F. abs. and at 
constant volume, is first required. Tiiis is given by 
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//^ -EmH^ 

= 0'002o0 !< 569916 + 0-01896 x 120714 + 0-02246 x 343952 
+ 0-06213 X 104359 
= 17922-4 B.Th.U./lb. mol. 

The products, the analysis of which is given on p. 50, are now heated 
at constant volume from abs. to the tmlmown final 

temperature which has at first to be assumed tentatively. The 
heat required for this is 

• ZVn (i?T, ~ 

=[0-05761i;co, -f 0-12774i;i,,o + 0-07574^o, + 0-698365’xJr, 

- 0-05761 X 8941 - 0-12774 x 7733 - 0-07574 x 6453 - 0-69836 x 6234 
=[0-05761J?co, -i- 0-12774 jE?h,o + 0-0767+00, + 0-6983601,^1., - 6345. 

K the products are now dissociated the heat required is 
We thus have 

17922=tO-O57O10co. + O-127740H,o + O-O76740o, + O-698360jf.]2-, 

— 6345 +[a;0r^g +?/0^jj^ + w0,,qq +30,,j.p]7>,. 

Thi.s gives 

=24267-[O-O57610co,-f O-127740n.o-bO-O75740o, + O-698360,v,]r,(l) 

From several trials it has been found that equation ( 1 ) along with the 
equilibrium constants is satisfied when T 3 = 3872° F. abs. (T 3 is 
found by the method explained on p. 45.) This is confirmed as 
follows. 

At Ta=3872° F.^bs. equation ( 1 ) becomes 

24207 -[115236a;+104378y + 121041 m + 388273] 

= 24267 - [0-05761 x 39747 + 0-12774 x 31376 + 0-07574 x 23974 
+ 0-69836x22567] 

= 24207-23889 
= 393. 

which gives 

3=0-010122 - 2-967934X - 2-68S284y - 3-117444 m .(2) 

As explained on p. 45, x denotes the number of mols of COj 
dissociated in accordance w’ith the reaction equation 

xCO +^x02=aC02. 

Hence the numbers of mols of CO and 0™ formed, due to this reaction, 
are r and lx respectively while the number of mols of COj is reduced 
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by z, giving (0-05761 -z) mols. Similarly, due to the dissociation of 
y mols of HjO in accordance ivith the reaction equation 


ySz-i-iyOe^yS^Q, 

we have y mols of and ly mols of 0 ^ formed, leaving (0-12774-1/) 
mols of HjO. Due to the dissociation of u mols of HaO in accordance 
with the reaction equation 

+ «OH = wHaO, 

we have mols of Hg and u mols of OH formed, leaving (0-1 2774 - 1/ - w) 
mols of HgO. finally, due to the formation of « mols of KO in accor^ 
dance with the reaction equation 

zNO = IzNa -f I2O j, 


w’e have 2 mols of NO formed while the Ng and O2 are each reduced by 
^2 mols. 

The composition of the post-comhustfon dissociated mixture at 
Fa and is thus as follows : 

^Osiw.. 


Gas 

'’onvo-.^ 


CO- 


COa 

HaO 

Ha 

OH 

Oa 

NO 


No. of mols 
Z 

n-J)5761~z 
0-127C 


y + 0'5tt ^ 


u 


0-07574 + 0-5* + O-Sy - 0-5z 
^ ' 

N, 0-69836-0-62. 

\ ^ . r o-6a; + 0-5 m + 0-5m. 

Total mols =m3^-95!i;' . ' _ 

■ V.,:ibustion mixture is ma = 1. 

The number of mols in the precon. 

The partial pressures of the gases m'- 

by the following relationships : 


Pco, O-O0/6I — * 



P 3 ~ Wa 

but 


and 

P^Vs=mJRT2, 

60 that 

P^jm^T^ 

Pg OT3T3 

or 

P 3 P^Tz 

Trig irlgTi ’ 

Hence, 



PooMO-osni-z)^. 
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p ^ X 

Pco=^;^> 

(0- 12114: -u-y)PiT3 
PUtO— m-iTz 

(i/ + 0-5w)Pi>^’3 

2^^,= ’ 

_PzT3'^ 

(0- 07574 + 0-5a: 4- 0-5.V - O-Sz) -Pg^s ^ 

Po,— mzTz 

PzTzZ 

P^^~nizTz' 

(Q- G02ZG-0-5z)PzT3 

P^t~ itiiTz 

Th» cmlibrium constants are given by Ibe follorring errpressions : 
rr PC0« - 

PCO.PO* , , 

(0-05761_-7:fe) , 

y . —X (0'(ii'514 + 0-6x-f- 0-51/ - 0-5zf^ P 2 P? 

'Ti=1235° F. abs. ; Pz=l-^^^ atm., giving 

13-079 {0-05761 -g) (3) 

a: (0-0y5'74^:t 0-5x + 0-5y 
„ _ yco • Ph.o I 

’’w.g. Pjj^ . Pco, / 

a;(0-12774-«-y) W 

“ (0-05761 - x) ( 1 / + 0-^) ' 

Ev Pn«Q— 

■^POH i 

Pou - Ph, 

13-079(0-12774-^-1/) (5) 

u{y + 0-5u)^ 

K -- • Pxo - 

,.( 6 ) 

”(0-69836-0-52)“ (0-07574 + 0-5a; + 0-57/ -0 52) 

Equations (2), (3). (4), (5) and (6) form the 

and the method of solution is as follows. A pro a e Cubstituting 

g«cssed»,,d,wi.by=0,.isdeter.^ed&o^ 

these values for n and y in equation (4) t 
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Equation (2) can then be solved to give the value of z. Equation (3) 
must now be satisfied by the values of x, y and z as obtained above. 
If equation (3) is not satisfied another value for y must be assumed 
and the process repeated until equation (3) is satisfied. If these 
assumed values are correct equation (6) must also be satisfied. If not, 
the whole process is repeated with a new value for until aU equations 
are satisfied simultaneously. 

Solving the equations in the above manner gave 2^3 = 3872° 3?, abs. 
rvith «= 0-001450 and ^=.- 0-0006434 as shown by equation (5). Thus 
with JrpQjj.=2036 at — 3872° E, abs. we have, for the right-hand side 
of equation (5), 

13-079 (0-12774 - 0-001450 + 0-0006434) 

0-002565 (0-000737 - 0-0006545)^ x 62-225 
= 2037, 

so that the equation is satisfied. 

Substituting these values in equation (4) gives 

a; =0-00019594 ; (-8:,„.g>,=3e74 = 5-3088. 

Equation (2) now gives 

z= 0-006750. 

If the assumed values of and u are correct, it will be found that the 
derived values of x, y and z satisfy equations (3) and (6). 

Thus the right-hand side of equation (3) is 229-5 as ag/"' airist mT given 
in the tables for and the right-hand side of equ? ,"^ation (6) is 0-03015 

as against 0-02961 given in the tables 

Hence the maximum attainable t^ — ’ ^peraturo is 3872° F. abs. 
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Chemical Beaclion 

CO -r iOo + 1*88) X, COo + l-88lXs. 

This gives, as the -working substance, 1 mol of C02 + 1-881 mols of X, 
and it -ndll be assumed that this mixture completely fiOs the cj'linder 
at the begimiing of compression, the pressure being one atmosphere and 
the temperature 600° P. abs. 

Comfression 

Pj = l; Fi = 5; P, = 600°P, abs. 

Tlio total entropy for a mixtmre of gases at any pressure P and tem- 
perature T is given by 

- S=S{niST) + 2inj\og,~-Smj\og,P. 

*J 'Dfl u 

Hence at the beginning of compression the entropy, as shovm in the 
following table, is 143-405. 

Cn« m St taSt ~~ 4-570»i logu^^ 

CO. 1 52-104 52-104 2-8810 0-45954 2-102 

Xj‘ 1-881 46-574 87-COG 1-5316 0-18514 1 503 

i*"» = 2-881 ; Z{mST) =139-710 ; Z ^4-575to log,8 = 3-695 

^S'<;oo = 139-710 -4-3-695 = 143-405 E.U. 

The pressure and temperature at the end of compression are found to 
be 8-4301 atmospheres and 1012° F. abs. respectively, the entropy 
being ] 43-405 E.U. 

CoMlant Volume Heating 

The heat available for beating the CO, and Nj will be taken as the 
heat of reaction at constant volume of one mol of CO at 1012° F. abs. 
which according to the tables is 120990 B.Th.U. Using this value for 
the heat available the maximum temperature attainable in the cj^linder 
may be determined and the amount of dissociation. Denoting the 
miniber of mols of CO; dissociated b 3 ' x, the value of at any 
tenijieraturc is given bj- 

rr _ (1 - 3 ;) 

where the suffix 2 refers to condition-s at the end of compression. 
See figure 18. 

m.= 2-881 ; T, = 1012° F. abs. and Po = 8-4301 atmospheres, 

£0 that 


r 


18-597(1 -a;) 1 

a:(0-5a:)i ‘ 


( 1 ) 
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The second equation required for the determination of and x is 
supplied by the energy relationship 

= [J^co, + ■ff'rjco .'.(2) 

where the suffix 3 refers to the point on the diagram at the end 
of constant volume combustion. is known so that equation (2) 
becomes 


120990=[J5;co, + - «832 - 9518 + {xBr,)co 

or 

= 137340— \Eqq^ + 1 • 8 81 (3) 

By choosing a series of values for Tg a corresponding set of values of « 
is found from equation (3) and the correct value of Tg is obtained 
- when the corresponding value of x satisfies equation (1), This is found 
to he the ease when 7^3= 5252° F. abs., giving for equation (3) 

1 1 1 977a; = 1 37340 - 57473 - 60034, 

from which 


a;=0-1771. 


)Substituting a: = 0*1771 in the right-hand side of equation (1) gives 

which is very close to the tabulated value at 5252° P. abs. 

So far the calculation has given the compression line and the tempera- 
ture attained at the end of constant volume heating, but the shape of the 
curve representing combustion has still to be determined. If the 
heating of the COg and Nj proceeds to completion through a series of 
equilibrium state points equation (1) must give the relation between 
X and T at any temperature T. With the composition of the gases 
fixed at each temperature the entropy may be calculated for the 
corresponding gaseous mixture and the state points plotted on a 
temperature-entropy diagram. 

The following table gives the values of x for a series of temperatures 
from 3000° F. abs., below which x is insignificant, to 5252° F. abs., 
the maximum temperature reached, together with the total entropy 


at the same temperatures. 

1'° F. abs. a: 

' S 

3000 

0*000808 

Hi 67*01 5 (taking x = 0) 

3500 

0*0052 

171*003 

4000 

0*0205 

iU’SU 

4500 

0*0582 

178*801 

5000 

0*1286 

183*154 

5252 

0*1771 

185*467 

The details of the calculation are show^ below for Tg — 5252° F. abs. 
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Gas 

ro o-niio 

C'O. 0-82200 

0. ■ 0-08853 

i-SSiOO 

Zw =2-9C!)35 ; 


St 

mST 

Xm 

m 

Xm 

lOpjg — — 

^ m 

, Xm 

lOCTj- 

63-233 

11-553 

16-7680 

1-22449 

0 992 

"O-i-iSO 

65-443 

3-6086 

0-55732 

2-098 

67-728 

5-997 

33-5350 

1 ’52-550 

0 018 

03-540 

119-530 

1-5787 

0-19830 

1-706 


ZimSr) ^ 202-525 ; Z ^4-575m logj,, = 5-4U 

8-4301 X 2-96955 x 5252 
2-881x1012 
= 45-095 atmospheres. 


,S' at 5252“ F. abs. = 202-525 5-414 - 2-96955 x 4-575 logic 4-5-095 
= 185-467 E.U. 


The .state points between 1012° F. abs. and 3000° F. ab.s. are the same 
as those obtained when no dissociation occurs and may be obtained 
from the table given on page 59. The temperature at the end of 
isentropic e.xpansion is given by the point of intersection of the con- 
.stant volume curve through 1 and the perpendicular through the 
point 3. 


Constant Volume Curve 1-4 

The location of points on this curve is similar to that outlined above 
for the curve 2-3. The equilibrium constant at any temperature T is 
given by the expression 


(I-g) 

x(0-5x)^ 


( 4 ) 


where the suffix I refers to the point at the beginning of compression 
with 7??i =2-881, ri=600°F. abs. and Pi = l atmosphere. 

Substituting these values in equation (4) gives 


K 




41-576(1 —x) 
x{0-3x)^ 


( 5 ) 


For an 3 ' value of T, is fixed so that x can be determined. The 
total entropy of the mixture is then calculable. The following table 
gives the values of x for a series of temperatures from 2500° F. abs. 
where x is taken as zero to 4125° F. abs. where it will be found that the 
vertical from the point 3 cuts the constant volume curve. 


r F. nbs. 

X 

S. 

2500 

0 

171-851 

3000 

0-00138 

176-285 

3500 

0-00SS6 

180-344 

4000 

0-03478 

184-477 

4125 

0-04606 

lSo-571 


The calculation for S at 4125° F. abs. is given below and it will 
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160 170 ISO 

S B.Th. U/Lb MoL^F 
Fio. 18. 


/90 200 


be seen that the value obtained is not appreciably different from 
185-467 E.U. 

„ Bni , Sm , ___ , Em 

Gas m Sv mSjr Jogio 4'57»m iogn, 


m 

Sj< 


£rii 

m 

, Urn 

‘OglO 

0-04000 

03-102 

2-000 

03-049 

1-79907 

0-95394 

76-947 

72-449 

3-0412 

0-48347 

0-02303 

05-474 

1-.708 

120-10 

2-10071 

1-88100 

01-420 

115-542 

1-5439 

0-18892 

Em =2-90403 ; 

EmiS'sp = 

192-405 ; 

<■ 

l-576mlog,|, 


1 X 2-90403 X 4125 
^ 2-881 x600 

= 6-930 atmos. 

S at 4125° P. abs. = 192-405 + 4-336 - 1 1-170 
= 185-571 E.U. 

The state points between 600® F, abs. and 2500° F, abs. inclusive may 
be obtained from the table on page 60 for the undissociated gas mix- 
ture, The cycle, talcing into account the dissociation of CO* and 
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neglecting tlie formation of XO, can now be d^a^ra on the temperature- 
entropy diagram. To show the effect dissociation has on the cycle it 
is convenient at this stage to plot the cjmle. when dissociation is 
neglected, on the same diagram as that in wixich dissociation is taken 
into account. 

Ideal Cycle unthoui Dissociation 

Compression. The compression curve is the same as that in the 
cycle in which dissociation is taken into account. 

Heat liecepiion at Constant Volume 

Before calculating the entropies for a series of temperatures the 
maximum temperature w'hich can be reached should be calculated. 
Tlie heat available for increasmg the internal energy of the COg and X, 
will be the lower heat of reaction at constant volume, Hp,, wliich, as 
previously determined, is 120990 B.Th.U./lb. mol. This heat goes to 
increase the internal ene^gJ^of the COj and Xj while satisi^dng the 


folloxving thermal relation. 

120990=[Bco. -f .(G) 

Tj=1012®P. abs, and equation (6) becomes 

120990=[Bco.-f - 6832 - 9518 

or 

137340 =[£’co,-H-881%,]j.^, (7) 


Equation (7) is approximately solved vith jrs' = G015° F. abs. which 
gives the right-hand side as 67441 -F 69919 = 137360 as against 137340 
for the left-hand side. 

Using the general expression for the entropj" the following table may 
he drawn up for the cunm of constant volume heating, the pressures in 
atmospheres being given along with the entropj’ at temperatures from 
20()0'E. abs. to GOio^F. abs. 


F. abs. 

P (atmos.) 

S 

2000 

16-660 

157-485 

2500 

20-825 

162-638 

3000 

24-990 

167-015 

3500 

29-155 

170-813 

4000 

33-321 . 

174-170 

4500 

37-486 

177-153 

5000 

41-651 

179-855 

5500 

45-816 

182-323 

6015 

50-106 

184-655 
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TJie calculation for the entropj' and pressure is given belo%v for 
6015° P. abs. 

T, 6015 

~ 1012 ^ 6-4301 = 60- 106 atmospheres. 

£,n 


Gas m 


mSrp 

Sm 

m 

, Zm 

4-575w Jog, 

CO, 

1 

81-571 

81-571 

2-8810 

0-45954 

2-102 

N, 

1-881 

64-750 

121-795 

1-5316 

0-18514 

1-593 


Zm = 2-88l; P(m6V) =203-366 ; 17 ^4-576m log, „ =3-605 

S at 6015° F. abs. 

= 203-366 + 3-695 - 2-881 x 4-575 log,o 50-106 
= 184-655 E.U. 

As before the temperature at the end of expansion is found by dropping 
a vertical from 3' to cut the constant volume curve through 1. Tliis 
curve lies to the right of tlie curve 2-3', the horizontal intercepts being 
equal between the curves. This intercept is 
R 

-j log< 5=2-881 x 4-575 iGgjp 5 = 9-213. 

If this amount is added to the table of entropies on p. 59, the following 
values are obtained for temperatures from 2000° F. abs. to 4190° F. abs. 
at which temperature level the vertical from 3' meets the curve. 


T 

-S 

2000 

166-698 . 

2500 

171-851 

3000 

176-228 

3500 

180-026 

4000 

183-383 

4190 

184-566. 


The following table gives the details of the calculation with 
T=4190° F. abs. 


4190 
' 600 ' 


: 6-9835 atmos. 


Gfts 

m 

St 

mSr 

COj 

1 

76-178 

76-178 

Ns 

1-881 

61-562 

115-798 

=2-881 

S{mST)- 

= 191-976 


2 ^4-575mlogjo =3-695 as before. 

Hence, 

S at 4190° F. abs. 

= 191-976 + 3-695 - 2-881 x 4-575 logjo 6-9835 
= 191-976 + 3-695- 11-125 
= 18i-54:6 (as against 184-655). 
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Mcal Thermal Efficiency 
(a) Cycle with Dissociation 

The heat supplied is the area under the curve 2-3, i.e. at 1012° F. 
abs. or 120990 B.Th.U. The beat rejected is the area under the curve 
4-1, i.e. 84268 B.Th.U. 

Hence the efficiencj' is 

_ Heat supplied - Heat rejected 
^ Heat supplied 

120990-84268 
120990 

= 0-3035 or 30-35%. 

(Ij) Cycle without Dissociation 
In this case the efficiency is given by 

(Fa-F,)-(F«-Fx) 

hut Fa - =//,.j = ] 20990 and E^-E^ is the difference in internal 

energy of the products between the temperatures 4190° F. abs. and 
600° F. abs., i.e. 

F.J — Fj =FV7^F^J5Q — EmE 

= (43784 + 46461) - (3434 + 5603) 

= 81208. 

Hence the value of the efficiency is given by 
120990-81208 
120990 

=0-3288 or 32-88%. 

The error in neglecting dissociation is thus about 8-3 per cent. 

Example 9. Ideal attainable Efficiency of the Constant Volume Cycle 
using the Prodxicls from the Combustion of Benzene as the Working 
Substance ' 

Only the main results need be indicated here as the method of solution 
is similar to that of example 8. It is assumed that the working sub- 
stance throughout the cycle consists of the products formed by the 
combustion of one mol of benzene with the theoretically correct air. 
The temperature and pressure at the beginning of compression are 
taken as 600° F. abs. and 1 atmosphere. The ideal cycle consists of 
(fig- 19) : 

(а) Bcntropic compression •nith a compression ratio of 5 ; 

(б) Heat reception at constant volume ; 

(c) Isentropic expansion ; 

(d) Heal rejection at constant volume. 
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The reaction equation is expressed as 

^dHg 4- 7*6 02 + 28'214lf2 ->• 6 COj-r 3 HnO 4-28'214 


(a) Compression 

The absolute entropy at the beginning of compression is found 
tabularly as follows ; 


Gas 

COi 

H,0 

^2 


m 

St 

»iSji 

Zm 

VI 

6-000 

52-104 

312-624 

6-202S 

3-000 

40-034 

138-102 

12-405 

28-214 

46-574 

1314-039 

1-3190 


lopio— 

0- 79255 21.755 

1- 093C0 15-010 

0-12022 15-518 


Sm =37-214 ; i:(m.S‘r) = I7Gl-7C5 ; 


f ^4-676m 



^(ioo='^(^'S^2’)+-^ ^4*.575m logiD—^J 
= 1817-048 E.U. 


The pressure at the end of compression is found from the 
relationship 

P^YijT.=T^V,lT^ 

giving ■ . . 

Pz-1x5xTJG00 
=^TJ120. ‘ 

By trial and error it is found that ^2 = 1057° F. abs. satisfies the 
condition of equal absolute entropies at the points 1 and 2. Tlius, 
tabulating, we have 


Gas 

m 

St 

viSt 

COo 

6-000 

57-893 

341-358 

HoO 

3-000 

GO-121 

152-181 

N„ 

28-214 

50-548 

I426-1G1 



2{inBT) — 

1925-700 


^2 = 1057/120 
= 8-8083 atm. 

and 

2m 4-575 logio Pz/Pi 
= 37-214 X 4-575x0-94489 
160-871 E.U. 

JSCHCC 

^ri057 = 1925-700 + 52-283 -160-871 
= 1817-112 E.U. 


as against 1817-048 E.U. at the beginning of compression. 


(6) Heating at constant vohmie 
The energy equation is given by 

=[6Eco, + SEjijO + 28-214Air,]j.^ + 

where 7/^, is the heat of reaction of benzene at T^, i.e, 1362140 
B.Th.U./lb. mol and since the internal energies of 6 moLs of CO 2 , 



THEB5IAL PKOFEBTIES OF GASES 


63 


of 3 rnols of HjO and 28-214 mols of X, are respectively 43464, 1954S 
and 149305 at jr 2 = 1057° F. abs., the energy equation becomes 

13C2140 =[^G.0(;Oj "t" ^-^UjO 2S-214 £^^j]2'j — 43464 — 19548 — 149365 
-f -f -f- 

or 

= 1 5745 1 7 - -f + 2S-214F;,.;^^, 

The equilibrium equations are 

6 -X /jniTjXi 

^'’“'~a;(0-5x + 0-5y-0-5c)^ \P.tJ ’ 

rr _ {3-u-y)x 

''‘•'’w.B. {G-x)(y + 0-5u)’ 

X 3-u-y /m.T^Y 
n(y-i-0-5v)i\P^J ’ 


(28-214 - 0-5z)^ (0-5a; + 0-5y - 0-5z)^ ’ 


and with 2’2=1057°F. abs., P,=8-S083 atmospheres and W 2 = 37-214 
niols, tliese equations become 


n An ““ 


66-827(6 -x) 


1 


^cot x(0-5x -t- 0-5p - 0-5z)i ' 
{3-u-y)x 


(G-x)(7/-r0.5M) 

66-827(3-M-y) _1^ 
«(p + 0-5«)^ ’tJ 


...I 

..n 

in 


(28-214 - 0-5z)- (0-ax + 0-5y - 0-5z)^ 

By trial and error it is found tliat the above equations are all satisfied 
Af T3 =o 215‘’F. abs. Thus at this temperature the values of 
fi^co,. 3Pji.o and 28-214Pi,-, are 341946, 138231 and 893340, so that the 
right-hand side of the energy equation given on p. 62 is equal to 

1574517 - (341946-}- 138231 -f 893340) 

=201000 B.Th.U. 

The corresponding values of II II andB^^^ are 112065, 
103380, 119673 and 38047. The energy equation thus becomes 
112065x-f 103386y-f 119673?/ ■f38G47r=201000, 

so that 

z=.5-200916*-2-S99704x-2-675133y-3-09G563«. 
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The equilibrium, constants at J'3 = 5216° T. abs. are 

=7-4166; Kj,Q^=m-U& K„^^=0-10818, 

so that 
4-2806 = 

66-827 (6-a;) 

a;(0-5a; + 0-5?/ - 2-600457+ 1-449852*+ 1-337567?/ + 1-548282?^)^ x 72-216 
giving 

4-6257 I (a) 

*(1-949852*+ 1-837567^+ I-.^48282?f- 2-600457)* 

7-4166 = . - ^ 

(6 - *) {{y + 0-5m) 

31-146= 

u(?/ + 0-6?i)i 72-215 

giving ' 

33-657= III(fl) 

u{y+0-5uY ^ 

0*10®1®~ (28-214 -0-6z)^ (0-'6*-t 0-5y - O-Sz)^ ”” ^ ^ 

With a finally assumed value of « = 0-2437 equation III (a) gives 
2/= -0-00823, 

60 that 

2-76453* 

7-4166-(6_^) 0.11362 

from which * = 1-40165. 

The right-hand side of equation I (a) then equals 4-6641 as against 
4-6257 on the left-hand side. Accepting these values therefore for 
*, y and u and inserting them in the energy equation gives 

2; = 5-20092 - 4-06437 + 0-02202 - 0-75463 
= 0-40394. 

The right-hand side of equation IV (a) then becomes 

= 0-10851 

5-2926x0-70339 

as against 0-10818 on the left-hand side so that the assumed values 
may be accepted. 

The table below, which is drawn up for the purpose of calculat g 
the entropy of the products at the end of the constant volume bunung 
period, i.e. at the point 3, also shows the composition of the dissociated 

products at that point. 
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Gas 

m 

iSj! 

tnSx 

Xm 

m 

. Xm 

logio 

m 

-575m 1og,5 

COj 

4-59835 

70-426 

365-224 

8-2709 

0-91766 

10-303 

CO 

1-401G5 

G5-170 

91-345 

27-134 

1-43350 

9-192 

H,0 

H, 

2-764.53 

08-001 

188-167 

13-757 

1-13852 

14-400 

0-11302 

48-106 

6-473 

334-73 

2-62470 • 

1-312 

OH 

0-24370 

01-091 

14-888 

166-06 

2-19329 

2-44'5 

0} 

0-49476 

67-661 

33-475 

76-872 

1-88577 

4-208 

XO 

0-40304 

68-563 

27-695 

94-154 

1-97384 

3-648 

Kj 

28-01203 

03-483 

1778-288 

1-3577 

0-13276 

17-014 

Xm 

=38-03267 ; 

X{mSx) 

= 2504-545; 

x(4-515mloe,,^j 

1 =71-682 


8-8083 K 38-03257 x 5215 
^ 37-214x 1057 

= 44-414 atmospheres. 

Sjj, 5 =2504-645 + 71-582 - 38-03257 x 4-575 logjo 44-414 
= 2289-400 E.U. 


The state point at the end of constant volume burning can thus be 
located on the T8 field but, in order to represent the constant volume 
combustion curve, it is necessary to determine the entropies of the 
etpiilibrium mix^Ores at various temperature levels. At any tem- 
perature T the^equilibrium constants are expressed by the relationships : 

66-827(6 -a;) J_ ^ 

a;(0-5® + 0-52/-0-52)i'r^ 

rr - (3-«-y)a: 

»’w.R. (Q-x){y + 0-5u) 

,) m 

™ u(y + 0-rm)i 


K. 


(28-214 - 0-52)^ (0-5a; -f 0-5y - 0-5z)^ 


lY 


At 4500° E. abs. these become 


eo that 


so that 


26-303 = 


66-827 (6 -«) 


a:(0-5a: -t 0-5y - 0-5z)^ x 67-082 ’ 


26-403 

6-422 

211-4 


6 -X 

x(0-6x+0-5y — O-oz) ' 
{Z-u~y)x 

(6 -x)(?/-t-0-5w) 

66-827(3- If -y) 
w(y-f0-6w)^' X 67-082’ 


212-21 =—^—^i-ii- 

■u (y + 0-57f)i 

0-059759=— . 

(28-214 - 0-5z)i (0-5x + 0-5y - 0-5z)i 


-I (a) 

11(c) 


in (a) 


JY{a) 
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By trial and error it is found that 0-0685 and equation III (a) 
then gives y = 0-00625. Equation JI (a)* then gives a;=0-48!)92 and 
equation I (a) gives z = 0-13327. Inserting these values in the riglit- 
hand side of equation IV (a) gives 0-06897 as against 0-05976 on the left- 
hand side. The composition of the products of combustion at 4500° F, 
abs. is as shown in the following table which has been drawn up for the 


purpose 

of calculating the entropy of the mixture at this condition. 

Gas 

m 

iS'jp 

mSp 

Sm 

m 

Iog„— 4 

-375m log,. 

COj 

5-C1008 

77-230 

425-543 

0-80.50 

0-83283 

20-994 

CO 

0-489fl2 

63-800 

31-289 

70-530 

1-88380 

4-222 ' 

lIjO 

2-92525 

00-127 

193-438 

12-818 

1-10782 

14-820 


0-04050 

40-891 

1-899 

925-84 

2-90054 

0-550 

OH 

0-00850 

59-803 

4-097 

547-39 

2-73830 

0-858 

0, 

0-18146 

00-278 

12-027 

200-04 

2-31522 

1-922 

Kb 

0-13327 

07-248 

8-902 

281-30 

2-44920 

1-493 

Kj 

28-14737 

02-180 

1760-372 

1-3321 

0-12454 

10-038 

Sm = 

=37-49035 ; 

Sirnfi-p) 

= 2427-027 ; 

E^4-576OTlogi„^' 

1 =00-903 


The pressure at this state point is given by the expression 
„ 4500 X 37-49635 

'' m/Tij 

4500 X 37-49635 x 8-8083 
37-214x1057 

^ =37-784 atmospheres. 

The entropy at this point is'therefore 
^4500 =2427-627 -f- 60-903 - 37-49635 x 4-575 x 1-57732 
= 2217-947 E.U. 

Repeating the calculation in the samc^* way with 7’=4000’F. abs. 
gives P = 33-422 atmospheres and >5= 2171-604 E.U.* 

In order that the constant volume eur^e may be drawp on the J'S 
field it is necessary to calculate the entropies for a series of temperatures 
ranging from 1057° E. abs, (the temperature at the end of compression) 
to 3500° E. ab,s. Up to this temperaturelt may be assumed that the 
degtee of dissociation is negligible. At 1500° E. abs, the entropy is 
found tubularly as follows ; 


Gas 

m 

St i 

mSp 

CO2 

HjO 

6-000 

3-000 

62-oA8 

53-8^1 

372-288 

161-643 


28-214 

53-11^0 

1499-010 

Srn 

= 37-214; 

i7fw<Sr) =2032-941 


„ 8-8083 X 1500 

1057 

= 12-5 atmospheres. 

A'icflo = 2032-941 52-283 - 186-753 

= 1898-471 E.U. 
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The entropies at a series of progressirely increasing temperatures are 
calculated in the same u-ay and tabulated below. 

1500 2000 2500 3000 3500 

^ = 1898-47 1970-86 2030-68 2081-68 2126-11 

Dealing now 'with the constant cooling curve 4-1, the entropy at the 
temperature level T is given by the expression 

ry ym 

ZmS-p - Zm 4-575 logjo -r Zm 4-575 logm , 

^ coo 

and with T = 1 000" F.abs. 

ZmST = G-000 X 57-284 -f 3-000 x 50-257 -f 28-214 x 50-158 
= 1909-633 E.U. 

also, from Scoo as given on p. 62 

Zm 4-575 logjo =52-283 E.U. 


The value of Piooo is 1000/600=1-6667 atmospheres, so that 

Zm 4-575 login 1-6667/1 
=37-214x4-575x0-22186 
= 37-771 E.U. 


We therefore have 


5^1 = 1 909-633 -f 52-283 - 37-77 1 

= 1924-145 E.U. 

The table below gives the values of the entropies at various tempera- 
ture levels up to 3000° F. abs., obtained by adding 

Zm- log, 5 = 37-214x4-575x0-69897 = 119-002 E.U. 

to the coiresponding entrop}’’ values in the table above for the curve 


2” T. abs. 

S 

600 

1817-048 

1000 

1924-145 

1500 

2017-473 

2000 

2089-864 

2500 

2149-683 

3000 

2200-683 


At temperatures above 3000° F. abs. the dissociation effects may no 
longer be neglected so that the method already explained for deter- 
mining the true composition of the dissociated products has again to 
be adopted. The equilibrium constants are as follows : 


"rco.* 


a; (0-52: + 


i(«) 

f0-5y-0-5c)i VPiT,/ 


08 
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K _ {^~n-y)x 

{6-a:)(7/ + 0-57t) n(^) 

_ Z-u~y 

+ “K*! 

IC ^ 

~ (28-214 - 0-52)^ (0-6a: + 0-6^ - 0-5z)i 

Substituting for 7ni, and Pj gives 

K 149-43 (6 -a:) 1 

~x{0-5x + Q-5y- 0-52)^ ’ TJ^ 

ir __ (3-w- y)x 

~ (& ~x) (y + 0-5u) 

„ 149-43 (3 -li—u) 

^'^^~u(y + 0-5u)ixT,i .• 

-^^’’NO - (28.214 - 0-52)^ (0-6a; + 0-6jr - 0-52)^ 

At ^4=3500° F. abs. the above equations become 

•1120 3 149-43(6 -a;) 

a: (0-5a; + 0-5?/ - 0-52)^ x 69-1 61 

which gives 

■ 467-29= — T lid) 

X (0'5x -i-OSy- 0'5z)^ 

4-649 s II (^) 

{6 ~x)(y + 0-5u) 

ii39o=4!£H2r2jJ!L , 
u{y + 0'5u)^ X 59-161 

which gives 

4g09=-Az!iZ^ ' 111(d) 

" u{y + 0-5b)2 

0-017282 yT ;; 777^ 

(28-214 - 0-52)^ (0-6x + Q-5y - O-Sz)* 

Solving these four equations in the way already explained gives the 

following values : 

a: = 0-072560 
y = 0-004350 
2=0-015789 
-a =0-007390 


from which Pggoo =5-8400 atmospheres. 

Pgsoo =2248-355 E.U. 

It wiU be found that at =3930° F abs. the entropy of the products 



f. Abs 
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is the same as that at the beginning of expansion and at this temperature 
the following values are obtained : 

ar= 0-241830 
?/ = 0-008400 
z= 0-052969 
w = 0-029100 

from which P 333 o = ®‘5746 atmospheres, 

'Sm3o = 2288-765 E.U. 

Thermal Efficiency 

The heat supplied under the conditions stated above, i.e. when disso* 
ciation is taken into account, is given by the area under the curve 2-3, 
while the heat rejected is given by the area under the curve 4 - 1 . 

Area imder curve 2 - 3 is 

= 1362140 B.Th.U. 

Area under curve 4-1 

= 907918 B.Th.U. 



Fig. 19. 




Tni:R>riVi> rjsoprhttk*; or ftASEs 
Henr^' the ide-il eflkjMiey is 

' _ T3C2J40-^f»TP!«i 

'"T562"R0~“ ~ 

It is not po--'-dbIe in this oak- to ileterinino aceumtely tSsc- }<kt»| 
cfiiciency of this cy^'Je when no <li?-;omtion oeetir® tise m'\:siin«rn 
temperature i-< tlicn jiIkjvc .>400" F. which i-. the upjvr limit of 
tempornture for wJiich jiroperties of H;0 are availnhle. 
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TABLES 


SYilBOLS USED IN TABLES 
I'j Inlemnl Energ}% J5.Th.U./lb. raol. 

Function of Free Energy, B.Tb.U./lb. mol ° F. 

E Total Heat, B.Th.U./lb. mol. 

Z/j Ix>wcr Heat of Reaction at Constant Volume, l^.Th.U./lb. mol. 
7/^ Lower Heat of Reaction at Constant Pressure, B.Tb.U./lb. mol. 
TTj, Equilibrium Constant. 

(b’ Entropy, B.Tb.U./lb. mol ° F. 

Heat orifcacfibn at Absolute Zero Temperature. 

-- M1S09 B.Tb.TJ./lb. mol ° F. 

tf 
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OXYGEN - 


2'° F. 

Abs. 


S 


100 

200 

300 

400 

600 

-600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1600 

1600 

1700 


40-996 

48- 523 

49- 816 

60- 913 

61- 878 
52-744 

63- 633 

64- 260 
64-935 
66-665 
56-157 

56- 714 

57- 240 
■ 57-739 


1-527 

1-293 

1-097 

0-965 

0-866 

0-789 

0-727 

0-675 

0-630 

0-692 

0-557 

0-526 

0-499 

0-475 


1800 

58-214 0-453 

1900 

68-667 0.433 

2000 

69-100 0.473 

2100 

69-513 0.307 

2200 

59-910 0.380 

2300 

60-290 0.307 

2400 

60-657 0.352 

2500 

61-009 0.347 

2600 

61-350 0.320 

2700 

61-679 0.370 

2800 

61-998 0.308 

2900 

62-306 0.290 

3000 

62-605 0.201 


E 


H 


F 


Abs. 


3100 

3200 

3300 

3400 

.3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 


62- 896 q.282 

63- 178 Q.27g 
63-463 q.287 
63-720 Q.20O 
63-980 0.254 


64-234 


0-249 


64-483 q.242 
64-725 0,235 

64- 961 0.231 

65- 192 0,227 

65- 419 0,221 

66- 640 0.217 
65-857 0.213 
60-070 0.20g 
60-278 0*.2O4 


1985 

502 
2970 575 

625 

637 

551 
S104 565 

6609 5.73 

689 
6830 000 

609 
8045 073 
8003 025 
9288 032 
9920 530 
10559 045 
11204 050 
11854 553 
12607 657 
13104 
13826 
14491 650 
16160 673 
15833 67g 
16511 6g0 
17191 634 
7875 637 
18662 600 
19262 603 
19945 607 
20642 700 
21342 703 
2204o 
22752 770 
23462 777 
24173 774 
2488i *^23 
25605 720 
26325 723 
27048 726 
27774 727 
28u01 734 


602 

665 


2780 637 
3467 777 
4168 
4.8, ™ 
5605 736 
6341 750 
7091 757 
7855 775 
8631 733 
®1^1® 799 
10218 307 
11025 377 
11842 324 
12666 330 
13496 333 
14334 044 
15178 g4g 
16026 352 
16878 855 
17734 860 
18594 864 
19458 358 
20326 872 
21198 376 
22074 870 
22953 333 
23830 385 
24721 330 
25610 302 
26502 80. 
27397 800 
28296 002 
29198 005 
30103 000 
31012 070 
31922 073 
32835 076 
33751 070 
34670 022 
35592 024 
36516 026. 
37442 030 


40- 045 

41- 690 

42- 871 

43- 941 

44- 871 
46-698 

46- 442 

47- 119 

47- 742 

48- 320 
48-859 


1-545 

1-281 

1-070 

0-930 

0-827 

0-744 

0-677 

0-623 

0-578 

0-539 

0-505 








1 Q 

Wm 

1 81 


1 S 


1 Ej 


E E j 


1 E 1 


^E 1 

Wjm 





EE E 


H 










55-422 0.240 
55-662 0.233 
55-895 0.228 


56-123 


0-224 


56-347 0.277 
50-564 0.212 
56-776 0.207 

56- 983 0.203 

57- 186 0.200 
57-386 o.}94 
57-580 0,n<O 
57-770 0-187 


57^°'^ 0-183 


100 

200 

300 

400 

600 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2.500 

2000 

2700 

2800 

2000 

3000 

3100 

3200 

3300 

3400 

3500 

3000 

3700 

3800 

3900 

4000 

4100 

iSOO 

4300 

4400 

4500 









TIIERJIAI, FEOTEKTIES OF GASES 


73 


OXYGEN {conlinued) 


rv. 

AIm. 

S 

E 

J1 

1 -- 
T 

MBS 

4000 

60.482 

29232 

f3o 

38372 

933 

58-140 p.jgj 

4000 

4700 

6'>6b3 

29907 ,3g 

39305 

937 

58.321 

4700 

■1800 

06.880 

30-05 

40242 

939 

68.495 

4800 

4900 

0190 

31445 

<43 

41181 

942 

58-609 

4900 

.7000 

07-204 y.jg- 

32188 

/4u 

42123 

943 

58-839 ^.jgg 

5000 

0100 

<^7-^01 jj.jgg 

32933 

<4 1 

430GC 

940 

58-007 g.jg^ 

5100 

0200 

0Mi34 p.jgj 

33080 

44012 

948 

0-lCl 

5200 

0300 

0-178 

34429 

44960 

948 

.59-332 „.jgj 

5300 

5400 

tiV-Oua 

35179 

<53 

45908 

952 

0-3.50 

5400 

.7300 

6.8- 168 (J.J..., 

35932 _.g 

46800 

955 

0-152 

5500 

.7000 

68.340 

30088 

47815 

953 

59-801 (j.jgj 

5600 

5700 

o.,o7 

37488 

<o2 

48773 

961 

59-9.52 

5700 

5800 

0-105 

3S2I0 

49734 

904 

00-101 g.j,- 

5800 

6900 

C8.842 

389.5 ..gjj 

50698 

907 

00-248 g.,,. 

6900 

0000 

09-004 Q igy 

39744 

51CC5 

970 

“•893 

0000 

6100 

0-1.78 

40515 

< <3 

52035 

972 

00-030 

0100 

6200 

0.ICC 

41288 

63607 

075 

00-070 0.J3S 

0200 

6300 

0-154 

42005 

. i . 

54582 

970 

00-814 g.^3. 

0300 

6100 


42848 

t lo 

55558 

977 

60-951 Q.jgg 

0400 

6.700 

CO'783 

43020 

50535 

978 

0-133 

6500 

6600 

0.J47 

44309 -g. 

57513 

080 

01*2^0 

0-130 

OOOO 

6700 

'0-070 

45181 -g2 

68493 

981 

01-350 g.j2g 

0700 

6800 

0-144 

45003 -g, 

59474 

983 

91-4''9 Q.jog 

6800 

6900 

0-141 

40747 ,gg 

00457 

984 

0^-007 o.]2C 

6900 

7000 


47533 _gg 

01441 

985 

01-733 ^.^2- 

7000 

non 

70-619 (,,j3g 

48319 -33 

62420 

087 

C1*S5S 

7100 

7200 

.0-187 Q,j3> 

49107 ,3, 

03413 

980 

01-980 ■ 

7200 

7.300 

0-1.35 

49S98 

04402 

990 

G2-I02 g.j2i 

7300 

7.(00 

0-133 

50G89 

0.7392 

992. 

“•223 0-118 

7400 

7500 

0-132 

^M82 

<9G 

00384 

994 

C2-341 g.j,_ 

7500 

7600 

'.1-324 

52278 

07378 

DOG 

0-130 

7600 

7700 

0-I2.S 

63075 -j,g 

0S374 

998 

“•“■* 0-115 

7700 

i 

0-127 

53874 

09372 

000 

0-114 

7800 

7900 

'1-<U9 jj.jog 

802 

70371 

1000 

02-803 g.,j2 

7900 

8000 

71-835 

5.74(6 3^2 

71371 

1001 

02-915 g.jjj 

8000 

SI 00 

.1-959 

56278 gg, 

72372 

1003 

“•“0 0-109 

8100 

8200 1 

.2-082 

.77082 303 _ 

7.3375 

1003 

o-'ios i 

8-200 

8.3' HI j 

.2-20;> J20 

0'^^"' 806 

74378 

1005 

0-107 * 

8300 

8400 1 

-j-.i 

5S093 go„ 

75383 

1003 

03-350 g.jgg j 

8400 

8.700 1 

72-142 

59499 508 

703SS 

1006 

“••'■“0.105 1 

8500 

S'J.V| j 

-’■5G0 0-116 

00307 509 

77394 

1003 1 

“•“‘0-104 i 

8000 

.8700 1 

0-115 ! 

61116 gjp 

78402 

lOOS \ 

03-605 g ; 

870{» 

8s(w 1 

S9n.i 1 
OOiifi j 

‘-•"^^.-114 : 

0-113 1 

73 01^ 1 

t 

01920 gjo 
02736 gjj 
03.747 

1009 i 

1009 1 
S1429 ! 

“•“^o-il; i 
“•“2 0-101 I 

0.3-970 ' 

8S00 

8900 

O'-'OO 
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NITROGEX [continued) 


T F. 
AIm. 

.S’ 

B 

II 

1 

i T 

f 

r= F. 
Abs. 

■(f/OO 

52 378 

27471 

36(311 c— 

8/ i 

54*419 g j,3 

4600 

■J700 

r 

0-185 

28150 ggo 

37488 g-g 

-’4-592 g.jgg 

4700 

4800 

03-'<52 y.jg2 

28S30 gg, 

38367 ggg 

54-758 g.jgg 

4800 

4000 

G2 934 ,j-g 

20511 ggg 

30247 gg, 

54-924 g.,gg 

4900 

5000 

63 112 ,, j_. 

30193 ggg 

40128 gg, 

5*'-0SC g.,gg 

5000 

f.100 

63 28; Q 

OOS;C 

41009 ggg 

55-246 g,,5, 

5100 

G200 

03 4.j 8 ^ jgy 

31500 gg. 

41892 gg, 

55-403 Q.jgg 

5200 

5300 

53-527 Q.jgjj 

32245 ggg 

885 

53-J5G g.jgg 

5300 

5400 

00-7il‘J Q.JP3 

32031 gg, 

43001 ggg 

05-708 g.,,g 

5400 

5500 

(>3-005 

33018 ggg 

44546 gg, 

22-355 g.,,g 

5500 

5500 

0-157 

3430C ggg 

-15433 ggg 

50-002 g.,„ 

5600 

5700 

0-154 

34905 ggg 

46321 ggg 

22-140 g.,4g 

5700 

5800 

04-425 Q.jg2 

3j(i8j ggg 

-47209 ggg 

28-286 g.,3g 

5800 

5000 

64-678 


48098 ggg 

22-125 g.j38 

5900 

0000 

0-147 ^ 

37007 ggg 

48988 gg. 

50-503 g.jg. 

6000 

6100 


093 

49870 ggg 

56-608 g.,3g 

6100 

C200 

05-020 

095 

893 

56 831 Q.jg, 

6200 

0300 

C'>'103 

095 

GlC04gg, 

56-002 g.,gg 

6300 

0100 

Oo-30-l g.Jgg 1 

39842 ggg 

22558855 

27-092 g.io9 

6400 

0500 

; 

40538 gg.j 

63453888 

57-221 g.jgg 

6500 

CCOO 

05-680 Q.jgg , 

41235 gg, 

54349 ggg 

57-347 g.jgj 

6600 

6700 

00-716 ! 

41932 ggg 

22245 ggg 

27-171 0.121 

0700 

esoo 

0-130 i 

42030 ggg 

22>«8g7 

57-592 g.,g, 

6800 

0000 

05-078 

43328 ,gg 

2*238 ggg 

2 '•'13 0.1,9 

6900 

7000 

00-107 ,.j2- 

41028,00 

57936 ggg 

57-632 g.,„ 

7000 

7100 

C'5-234 „.j2g 

44728 ,gg 

58835 ggg 

57-949 g.„g 

7100 

7200 

l)li*3UU 

40428 ,g2 

22*34 ggg 

58-065 g,,,. 

7200 

7300 

06-484 

46130 ,g„ 

60034 gg, 

58-180 g.,„ 

1 7300 

7400 

OU’UO? Q.JOO 

40832 ,g3 

21235 ggg 


7400 

7500 

00-;2;i 

4 / u3o P’n A 

1 <04 

0243; ggg 

58-405 g.„g 

7500 

7000 

00-8 10 ^.jjg 

48239 _g, 

03339 

0S-o]5 g.jjg 

7000 

7700 

i 50-05; Q.jj- 

48043 ,g, 

64242 ggg 

23-225 g.igg 

7700 

7800 

1 0-115 

: 49047 ,gj 

05145 ggg 

o8-;34 g_,g. 

7800 

7000 

07-100 

50351 ,g^ 

6604S ggg 

23-341 g.iog 

7900 

SOOO 

i 0;-3I3 juj,. 

51055 ,g^ 

60951 ggg 

58-94; g,,gg 

8000 

SIOO 

0-110 

51759 ,gg 

! 2*254 ggg 

59 050 g.jg2 

8100 

6200 

0-108 

52104 -g. 

23757 ggg 

59-152 g.jgg 

8200 

8300 

5;-5I3 ^ 

53169 ,gg 

69GG0 gg, 

o9-2.)2 g,,gg 

8300 

8100 

(>(-;60 

03S74 ^t\r 

<Ut> 

70504 gg, 

09-3j2 g ggg 

8400 

8300 

0"-8-'^0 0-105 

51579 ,gg 

71468 gg, 

22-121 0-098 

8500 

660(1 

0-105 

55285 ,gg 

*2372 ggg 

59-.) 49 0-097 

SOOO 

S70O 

OS-OCO 

55001 ,g_ 

' 32 ' < i^)Q 

59-046 0-090 

8700 

8S00 

0.,O2 

50G9S -gg 

;1183 ggg 

09-; 42 g ggg 

8800 

SOOO 

tmoo 

0-101 

08-373 

57400 ,gg 
58114 

75OS0 gg, 
75090 

29-335 0-093 

50-928 

SOOO 

9000 




76 THEKMAL PBOPEBTIES OF GASES 

CARBON DIOXIDE . 


Abs. 

5 

E 

H 1 

r 

T 

yo 

Abs. 

100 

200 
' 300 

400 

500 

COO 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

‘ 1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2600 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3600 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

48-620 j.ggg 
60-473 

52- 104 

53- 569 j^.ggY 
64-906 j.ggg 
56-139 

67-284 j.ggg 

58- 362 j^.gg^ 

59- 356 g.g^g 

60- 302 g.ggg 

61- 198 g.ggg 

62- 048 Q.gj^g 
62*858 Q.'773 
03-631 Q.^gg 
64-370 g.ijgg 
05-078 g.Q^g 

■ 05-756 g.ggg 

66- 408 g.g27 
07-035 g,gg4 

67- 639 g.ggg 

68- 221 g.ggg 

68- 784 g.g^g 
60-329 g.ggY 

69- 850 g.gjg 

70- 306 Q.^gg 

70- 801 Q.4gi 

71- 342-0.407 

71- 809 g.454 

72- 263 g.444 

72- 704 g.43g 

73- 134 g.4jg 
73-663 g.4gg 

73- 901 g.gg, 

74- 368 g.ggg 

74- 747 g.gyg 

75- 126 g.37g 
75-496 g.ggg 

75- 858 g.ggg 

76- 213 g.34g 

76-659 g.ggg 

76- 898 0.332 

77- 230 g.325 

2100 ggg 

098 

3434 ,51 

4186 ggg 

4988 g4, 

6836 gg, 
0722 gig 

969 

6697 ggg 

1009 
10588 1033 
11621 1055 
12676 10,4 
13750 iggg 
14843 1110 
16963 1125 
17078 iigg 
18216 1140 
19366 iigg 
20525 

21696 ijgi 
22876 jigg 
24066 

26202 1205 

26407 1213 
27080 1210 
28899 1224 
30123 1230 
31363 1235 
32588 J242 
33830 1240 
36076 1248 
36324 1254 
37578 i2gg 
38838 1283 
40101 1200 
41367 1270 
42037 127^ 
43911 i27( 
46187 i27j 
46466 128; 
47746 1281 

2895 834 

3729 gg, 
4626 040 
6575 1002 
0577 1040 

1080 
8709 1115 
9824 115, 
10981 1181 
12102 1208 
13370 -looi 
14601 ;fgl 
15865 1273 
17128 1201 
18419 1300 
19728 1324 
21052 1330 
22388 1348 
23730 jggg 
26096 1308 
26463 1380 
27843 1388 
29231 1300 
30627 1403 
32030 

33442 1418 
34800 1422 
36282 1420 

1434 
39145 1440 
40585 1445 
42030 144, 
43477 1452 
44929 1450 
46388 1402 
47850 1405 
49316 1408 
60783 1^7* 
52256 
63731 147! 
65207 i48( 
56087 148; 

41-383 1.033 

43- 010 i.g,g 

44- 394 1.244 
46-605 i.ggg 

46- 686 g.ggg 

47- 608 o.go7 

48- 575 o.g4o 

49- 421 o.,84 

50- 205 o,,42 

50- 947 o.,oi 

51- 648 g.goo 

52- 314 g.ggg 
52-949 g.gg, 

. 53-650 g.ggg 

0-657 
64-696 g.ggg 

66- 230 g.gi, 

55- 747 g.4gg 

56- 246 g.482 
50-728 g.48, 

67- 196 g.452 

57- 647 g.44g 

58- 087 0.425 

58- 512 g.414 

68- 926 0.404 

59- 330 g.ggl 

69- 721 0.384 
60*105 n.*J70 

60- 478 

60- 842 g.ggg 

61- 197 0.34, 
61-544 0.344 

61- 886 g.ggo 

62- 215 0.325 
62-640 0.317 

62- 857 0.340 
03-167 0.304 
03-471 0.304 

63- 772 0.292 

64- 064 0.286 

1 64-360 0.282 

, 64-032 0.2,7 

100 

200 

300 

-ioo 

600 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1600 

1600 

. 1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3600 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4600 


TKEIiMAL PBOTEBTIES OF GASES , 

CARBON DIOXIDE {continved) 


I i 


H95II 


E 


E 

T 

y’F. 

AIh. 

4000 


49029 jggg 

58109 j^g^ 

04*909 0 , 074 . 

4600 

4700 

77-87I Q. 3,3 

50315 jggj 

59053 j^gg 

0o-I83 0-205 

4700 

4800 

78-187 

51600 J294 

1493 

05-448 0.203 

4800 

4000 

78-404 (j.gQQ 

52900 1^207 

C2G3C J J^gg 

0-257 

4900 

fiOOli 

78-794 ^ 297 

1299 

04132 ,,g, 

05-908 0.255 

5000 

GlOO 

^9-091 q.291 

65490 

05029 j^gg 

60-223 0-250 

5100 

GOOO 

79-382 ^, 285 

50790 J3JJJ 

1500 

00-473 0 - 2,5 

6200 

GOOO 

79-007 jj.280 

6809 1 J3(J3 

08028 1501 

60-718 0-244 

5300 

C400 

79-947 Q, 2 _g 

59400 J3Q3 

™» 2 D 1501 

00-902 0-238 

5400 

G500 

80-222 

00703 j3(jj 

71030 1503 

07-200 0-233 

5300 

GGOO 

80-493 Q.ggg 

02007 jgQg 

1605 

67*433 0 .o‘^o ' 

5000 

r>700 

80- (09 p.ggg 

03313 jggg 

74638 1507 

07-005 0-220 

6700 

5S00 

0-258 

04021 ^3jQ 

1509 

07-891 0-220 

5800 

r.900 

0-254 

05931 J3J3 

77054 1511 

08-117 0-029 

6000 

0000 

81'633 ^ 250 

1314 

1513 

08-339 0-217 

0000 

0100 

81-783 Q 240 

08558 jgjg 

80678 1515 

68-550 0-210 

6100 ■ 

0200 

'82-029 ,.2,3 

C9S7-4 ^gjg 

82193 1517 

0-213 

0200 

0300 

82-272 

71193 

83710 

08-986 - 

0300 
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THEKMAL PBOEEETIES OE GASES 

WATER VAPOER 


42-799 


49-363 


1000 

50-257 0-824 . 

1100 

. 51-081 0-766 

1200 

51-847 0-717 

1300 

52-664 0-676 

1400 

53-240 0-641 

1500 

63-881 0-610 

1600 ' 

54-491 0-683 

1700 

65-074 0-661 

1800 

55-635 0-639 

1900 

56-174 0-521 

2000 

66-696 0-503 

2100 

67-198 0-488 

2200 

57-686 0-473 

2300 

68-159 0-460 


68- 619 Q.440 

69- 066 0.434 
69-499 0.423 
69-922 0-412 
60-334 0.403 

60- 737 0.392 

61- 129 0.384 
61-513 0.370 

61- 889 0.3C8 

62- 267 0.359 
62-616 0.352 

62- 968 0.345 

63- 313 0.337 
63*650 

63 - 981 

64- 306 0.318 
64-624 0.312 
64-936 0.306 
66-242 0.300 
66-642 0.294 
66-836 0.291 

I 66-127 0.284 


2^65 002 
608 

3616 015 

4230 024 
6664 035 
5489 041 
6130 077 
6307 082 
7489 09- 
8186 740 
8901 734 
9632 747 
10379 704 
11143 782 
11925 799 

13540 835 
14376 850 
15225 800 
16091 880 
16971 890 
17867 908 
18775 923 
19698 934 
20632 954 
21683 900 

22543 972 
23515 
24499 994 
25493 4007 
26500 4010 
27516 1026 
28542 4033 
29575 4044 
30619 4051 
31670 4057 
32727 4005 
33792 4070 
34862 4078 
35940 4083 
37023 4090 
38113 4097 


3200 798 
6698 800 
4798 843 
6611 823 
6^64 834 

7268 849 
6^^’' 865 

8982 881 
9663 890 

10769 Q,q 
11672 ^^9 
12601 940 
13647 903 
14510 980 
16490 -997 
16487 4015 
17502 4033 
18535 4050 
19585 4003 
20648 4079 
21727 4094 

22821 4407 

23928 4422 
2o050 ^2^39 
26182 414^ 
27331 4459 
28490 4470 
29660 4483 
30843 1 -1 no 
93036 ;^^5 
33241 4214 
34455 4225 
35680 4232 
36912 4242 
38154 4249 
39403 4250 
40659 4203 
41922 4209 
43191 1276 
44467 4282 
45749 4289 
47038 4295 


34-800 4.778 


40-340 


41-287 


42-916 0.712 


43-628 


44- 903 0.578 

45- 481 0.543 

46 - 024 0-515 

46- 639 0-490 

47- 029 0-468 
47-497 0-447 

47- 944 0-428 

48- 372 0-412 

48- 784 0-397 

49- 181 0-385 
49-666 0-371 
49-937 0-360 
60-297 0-347 
60-644 0-339 

60- 983 0-330 

61- 313 0-319 
51-632 0-313 

51- 946 0-306 

52- 261 0-298 
52*649 q .291 

52- 840 0-283 

53- 123 0-279 
53-402 0-272 
53-674 0-267 

53- 941 0-262 

54 - 203 0-256 

54-459 0-252 

64- 711 0-249 

54- 960 0-241 

65- 201 0-237 

55- 438 0-235 
55-673 0-230 


100 

200 

300 

400' 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2260 

2300 
2400 
2500 
2600 
2700 
2800 
2900 - 
3000 
3100 
3200 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4400 
4500 


THERMAL PROPERTIES OF GASES 
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WATER VAPOUR (continued) 


jHS^H 

mSmi 

■■ 

E 

H \ 

i 

F 

T 

• TF. 
Abs. 

4G00 1 

0-280 

39210 

48333 J3P2 

05-903 ij.228 

4600 

4700 

0.275 

40313 

40035 jggg 

50’131 q.221 

4700 

4800 

GG 060 

41423 

1313 

56-362 Q.220 

4800 

4000 

«’237 

42537 1119 

52260 

5G-572 Q.21G 

4900 

flOOO 

07-503 Q gpg 

43050 jj2^ 

53573 J322 


6000 

GlOO 

67-7f>o Q 2gg 

44780 JJ27 , 

64890 jg2e 

67-002 Q_2io 

5100 

5200 

0-253 

45907 j,3j 

5C221 jggg 

5 '-2 12 0.200 

6200 

5300 

0-249 

47038 jjgg 

67551 133, 

0-204 

6300 

5400 

68-523 

48174 

68885 

57-022 

6400 

5500 





6500 

5000 





6000 

6700 





- 6700 

5800 





6800 

6000 




- 

5000 

0000 





0000 
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THEBMAIi PBOPEB.TIES OE GASES 

CARBON MONOXIDE 


2’° F. 

Abs. 


100 
200 
300 
400 
500 

oOo 

700 
800 
000 
1000 
1100 
1200 
1300 
1400 , 
1500 
1000 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
;2800 
2900 
3000 
3100 
3200 
3300 
3400 
3600 
3600 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4400 
4600 


E 


45- 290 

46- 834 

48- 103 

49- 182 

50- 118 

50- 948 

51- 701 
62-392 


1-644 

1-269 

1-079 

0-936 

0-830 

0-753 

0-691 

0-639 


63-031 Q.ggg 


53- 627 

54- 186 

64- 712 

55- 211 

65- 684 

66- 136 
66-666 


0-659 

0-626 

0-499 

0-473 

0-461 

0-431 

0-412 


66- 978 Q.ggg 

67- 374 g.g^g 

67- 753 Q.ggg 
58-119 0-352 

68- 471 Q.34g 


68-811 

69-139 

69-466 

59- 763 

60- 060 
60-348 
60-628 


0-328 

0-317 

0-307 

0-297 

0-288 

0-280 

0-273 


60- 901 g.264 

61- 166 g.2g7 

61-422 g.ggo 
61-672 g.244 


61- 916 

62- 164 


0-238 

0-231 


62*385 0.227 
62-612 q.221 


62- 833 

63- 049 
63-269 
63-466 
63-668 


0-216 

0-210 

0-207 

0-202 

0-198 


1985 

2482 

2981 

3482 

3986 

4493 

5010 

5537 

6074 

6620 

7176 

7741 

8316 

8897 

9488 

10087 

10692 

11304 

11922 

12546 

13176 

13810 

14448 

15090 


II 


F 
’ T 


T° F. 

Abs. 


497 

499 

601 

604 

607 

617 

627 

637 

646 

666 

565 

674 

682 

691 

699 

606 


16736 

16384 

17037 

17693 

18361 

19011 

19673 

20338 

21006 

21675 

22346 


612 

618 

624 

629 

635 

638 

642 

646 

649 

653 

666 

658 

660 

662 

665 

668 

669 

671 

673 


23019 g.^^ 


23693 

24369 

25046 


676 

677 
679 


25725 ggg 
26406 gg2 
27087 gg^ 


1595 
^^"^5 698 

699 
4872 ,g3 
6576 ,gg 

6281 ,ig 

6997 .j2e 

”23 735 

8468 ,45 
9203 ,55 
9968 ,g3 
10721 

nm ™ 

12275 „„ 
13064 ,gg 
13862 gQ4 
14666 gjg 
15476 gj, 
16293 g23 
17116 
17943 g34 
18777 
.05U 
20465 g43 
21298 g4g 
22146 352 
22998 g54 
23852 0^7 

2«o» 

25668 
»28 “ 
27252 j„ 
28169 g0Y 
29026 g,g 
29896 g,2 
30768 5j,o 

3.«. 874 
32616 g,g 
33391 gYg 
34269 g,g 
35147 ggi 
36028 gg2 


38- 340 

39- 884 

41- 149 

42- 222 

43- 149 

43- 968 

44- 704 

45- 371 

45- 982 

46- 548 

47- 073 

47- 565 

48- 028 
48-464 

48- 878 

49- 270 


1-544 
1-265 
1-073 
0-927 
0-819 
0-736 
0-667 
0-611 
0-686 
0-525 
0-492 
0-463 
0-436 
0-414 
0-392 

0-376 

49- 645 g.ggg 

50- 004 g.g^4 
60-348 g.ggg 
60-677 g.gjg 
50-995 g.ggg 

0-296 


61-300 


61-596 g.2g4 


61-880 

62-156 


0-276 

0-268 


52-424 g.ggg 

62-682 g.ggg 


62- 934 

63- 179 


0-245 

0-238 


53-417 g.ggg 


63-650 

63-873 

54-095 


0-223 

0-222 

0-214 


64-309 g.ggg 
54-618 g.ggg 


54-723 

64-923 


0-200 

0-195 


65-118 g.jgg 
65-310 g.;^g7 

65- 497 g.jgg 

66- 679 g.igg 
65-859 g.j77 


100 

200 

300 

400 

600 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1600 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4600 
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TIlEBMAIi PROPERTIES OF GASES 

CARBON ilONOXIDE {continued) 


2’ F. 

Abs. 

s 1 

E 

H 

E 

T 

F. 

Abb. 

4000 

4700 

4800 

4000 

nooo 

,')I00 

5200 

5300 

54(i0 

5500 

5000 

5700 

5800 

5000 

0000 

0100 

0200 

0300 

OiOO 

C3ti0 

0000 

0700 

0800 

0900 

7000 

7100 

7200 

7300 

7400 

7500 

7000 

7700 

78‘'0 

7900 

80IJO 

8100 

8200 

8300 

8tit0 

8500 

8G00 

8700 

8S(-0 

8000 

I'OOO 

C4-0G0 Q.jgg 

04- 249 Q.jgg 
01-435 (,.jg3 

04 018 Q.J79 
01-797 y.j-g 
G-1’973 Q.J72 

05- 145 (j.jgg 
05-314 g.jgg 
05-480 g.jgg 
05-013 Q.jgQ 
05-803 Q.jgg 
.«5-0Cl 0-155 

00-110 Q.jgg 
00-200 g.j-o 

00-410 Q.j.jg 
00-307 

00-713 g.j43 
60*850 

GO-997 

07-130 Q.jg.. 
07-273 g.j35 
07-408 Q.J33 
07-341 Q.J32 

07- 073 Q.J3Q 
67*803 Q.jog 
67*931 q.^2G 

08- 057 q.324 

08-181 Q.J23 

08*304 Q,j2l 
08*425 n.iin 
08-544 :.;;^ 
08-002 

08- 770 0.115 
0S 804 g.„^ 

00-008 Q.JJ2 

1 69-120 o.ii; 

; 0-110 

i 0-109 

00-450 g.jgg 

09- 558 

09-00! 9 103 
00-700 Q.jgi 
09-873 g.iQ3 
09-970 Q.igj 

1 70-077 

084 
>8455 ggg 

29140 gg- 
29827 eg3 
30514 ggg 

31202 ggg 

31891 ggg 
32581 QQQ 
33271 fgi 
33902 ggj 
34653 gQ2 
35345 ggg 
36038 ('no 
30731 ::: 
37425 ggg 
38120 ggg 
38810 gyg 
39514 ggg 
40212 ggg 
40911 ggg 
41010 igg 
42310 701 
43011 701 
43712 702 
44414 702 
45110 702 
45818 702 
40520 702 
47222 702 
47924 703 
48027 7oi 
49331 704 
50035 

.,,3, 

61445 700 
62151 707 
62858 703 
53507 703 
«4270 710 
54980 711 
55097 711 
60408 711 
57119 712 
67831 713 
6S544 

10910 g83 
17793 gg4 
38077 ggo 
39563 ggg- 
40449 ggo 
41335 gg7 
42222 ggy 
43111 ggg 
44000 onn 
44890 ::: 
45780 ggi 
4CC71 egi 
47562 fg^ 
48454 gg2 
49340 0(14 
50240 ^g?i 
51130 ggg 
52031 837 
62928 ggg 
53826 ggg 
54724 ggg 
55623 ggg 
50522 ggg 
57421 300 
08321 301 
69222 301 
00123 301 
01024 301 
01925 301 
02826 302 
03728 302 
04630 303 
G5533 yQ»j 
00436 304 
07340 305 
08246 300 
09151 307 
7005S qno 
70900 Too 
71875 309 
72784 310 
73694 gjQ 
74004 

75514 310 
70424 

50-0;!6 0.173 
50-209 0.107 
50-370 o-iov 
50-643 0.104 

56- 707 0.101 
.50-808 0.153 

57- 026 0.154 
57-180 0.153 
57-333 0.149 
57-482 0.140 
57-628 0.145 
57-773 0.142 

57- 915 0.141 

58- 050 0.139 
58-195 0.130 
58-331 0.134 
68*465 

58-597 0.130 
58-727 0.130 

68- 857 0.126 

58- 983- 0.126 

59- 108 o.l*?3 

69- 231 o-iSl 
59-352 0.121 
59-473 0.119 
59-592 0.115 
59-707 0.115 
59-822 0.114 

59- 930 0.112 
00*048 Q.jjfj 
CO-IGO 0.110 
00-270 0.109 

60- 379 Q.IOS 

0-105 
CO-592 0.104 
C0-69G 0.104 
60*800 

00- 902 o.ioi 

61- 003 0.101 

01- 104 0.100 
61-204 0.097 
61-301 0-096 
01-397 0-094 

0094 

61*585 

4000 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

5500 

5000 

5700 

5800 

5900 

GOOO 

0100 

0200 

0300 

6400 

0500 

6000 

0700 

6800 

0900 

7000 

7100 

7200 - 

7300 

7400 

7500 

7000 

7700 

7800 

, 7900 

8000 

8100 

8200 

8300 

8100 

8500 

8000 

8700 

8800 

-8900 

9000 


82 


20-240 j 

30-753 j 

32- 009 j 

33- 078 ^ 

34- 006 ( 

34- 828 ( 

35- 504 , 

36- 232 , 

30-842 , 

37- 400 

37-929 


38-870 


39- 721 Q..jg2 

40- 113 Q.37g 

40-488 Q.ggg 

40- 847 

41- 191 0.331 

41-522 Q.gig 

41- 841 Q.ggg 

42- 150 0.299 

42-449 0.290 

42- 739 0.282 

43- 021 0.274 

43- 296 0.207 

43-602 0.259 

43-821 0.253 

44- 074 0.247 

44-321 0.240 

44-561 0.235 

44- 790 0.230 

45- 020 0.226 

46- 261 0.220 

45-471 0.216 

45-687 0.211 

45- 898 0.206 

46- 104 0.203 

46-307 0.198 
40-505 0.195 
40-700 0.191 
46*891 n.iQc 


1916 

2395 ^02 
2887 ^00 
3383 

3881 goo 
4381 goi 
4882 go2 
5384 go4 
6888 -00 
0394 go8 
0902 gjo 
7412 gi3 . 
7925 gio 
8441 g2i 
8962 g2o 
9488 g32 

10020 ggg 

10558 g^2 

11100 g ^7 

11047 550 
12197 ggo 
12753 gg.^ 
13317 g7o 
13887 g„ 
14404 gg2 
15040 gg7 
15033 go2 
10225 ggg 
10823 003 
17426 007 
18033 012 
18045 018 
19203 022 
19885 q27 

20oX2 rtoi 

21143 Z 
21778 038 
22410 042 
23058 046 
23704 049 
24363 053 
26000 056 


2711 077 
3388 091 
4079 694 
4773 097 
6470 099 
0109 .^00 
0869 pjQj 
7670 .^02 
8272 ,gg 
8977 

9084 .^gg 
10392 ,,,9 

11810 

12638 .J25 
13263 ,3,^ 
13994 .^30 
14730 741 
1.5471 740 
10217 748 

10965755 
17720 703 
18483 709 
19252 'yyg 
20030 rjrjg 

20808 'ygg 

21594 700 
22384 
23181 802 
23983 805 
24788 817 
26599 817 
20410 820 
27230 820 
28062 830 
28892 gg^ ^ 
29726 830 
30602 841 
31403 845 
32248 
33096 852 
33947 855 


25-211 


27-169 


27 - 973 - 0.722 

28- 095 


20-948 


31-012 o.47g 

31-490 0.446 

31- 930 0-422 

32- 358 0,398 

32-756 


33-491 0-342 

33- 883 0.320 

34- 159 0.312 
34-471 0-301 

34- 772 0.290 

35- 002 0-278 

35- 340 0-268 

36- 608 0.259 

36-867 0-253 
30-120 0-244 

36- 364 0-236 
36-600 0-230 
30-830 0-223 

37- 063 0-218 
‘37-271 0-210 

37-481 0.208 

37-689 0-201 

37- 890 0.197 

38- 087 0-192 

38-279 0.188 

38-407 0-182 
38*649 Q.jgo 

38- 831 0.175 

39- 006 0.172 

39-178 0.169 

39-347 0.166 


1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2000 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 










34802 g3s 
35GG0 gQ2 
3G522 ggg 
37387 ar.T 
38254 r.; 
39124 g,3 
39997 g_g 
40873 g-7 









THEBMAL PBOPEllTIES OF GASES 

HYDROXYL (OH) 




2000 

2100 

2200 

2300 

2400 

2500 

2000 

2700 

2800 

2000 

3000 

3100 

3200 

3300 

3400 

3500 

3000 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 


■14-711 

45-808 Q.Q33 
40-741 (j.gog 

47- 509 

48- 314 

48- 990 Q.QJ3 

49- 003 

50 - 177 0.527 
00-704 o,^g5 
31-189 

51- 050 0.^30 
I 52-089 

52- 508 0.402 

52- 910 g.3g2 

53- 292 Q.ggg 
63-058 g.gg2 

54- 010 g.ggg 
54-349 g.323 
54-072 g.313 

54- 985 Q.ggg 

55- 290 q. 290 
55-580 g.28p 
55-872 q.282 
50'1«54 
54-420 g.2g3 
50-089 g.25o 
50-945 0,251 
57-190 0,248 
57-444 0.239 
57-083 0.292 

57- 915 0.230 

58- 145 0.22.5 
58-370 0.218 
58-588 0,211 

58- 799 0.208 

59- 007 0,204 
59-211 0,202 
59-413 0.jg8 
59-011 0,192 
.59-803 0.189 


500 
3500 305 

503 
509 
5083 500 
5592 510 
0102 511. 
0013 511 
7124 515 
7039 515 
8155 e-nn 

8680 535 

9215 544 
9759 547 
10300552 i 
108.58 555 
11414 602 
11070 657 
12543 573 
13116 575 
13092 583 
14275 501 
14800 507 
15403 502 
10065 (jjj 
10070 514 
17290 510 
17909 1*90 

19150 530 
19780 532 
20418 535 
21053 530 
21092 543 
22335 548 
22983 552 
23635 55g 
24293 553 
24950 503 
25019 555 


4252 70, 
4056 701 
6000 702 
0362 70g 
7070 70g 
7778 70g 




41-244 0.C7.-, 

41- 919 0.512 

42- 531 0.572 


710 

43-103 0.525 

713 

43-028 0.482 

715 

^4-110 0.4.7G 

724 

44-500 0.430 

733 

44-990 0.405 

743 

45-402 0,385 

740 

«-787 0.355 

750 

46-162 0.310 ! 

755 

46-501 0.334 

701 

40-835 0.320 


/ ua 

17311 772 
18083 776 
18858 -709 
,0040 ‘Z 
20429 705 
21225 goj 

22020 gQ0 

22835 
23048 gi8 
24400 g20 
25280 g24 

20110 820 

20939 830 
27709 834 
28003 838 
29441 842 
30283 845 
31129 5,ri 
31980 857 
32837 851 
33098 852 
34600 854 


47-155 0.301 
47-459 0.293 

47 - 752 0.285 

48 - 037 0.275 
48-312 0,254 
48-570 0 . 2.50 

48 - 835 0.240 

49 - 084 0.239 
49-323 0.232 

49*555 

49 - 782 0.226 ! 
50*007 Q ,210 
50*223 fj ,909 

50 - 432 0.008 
00-040 0.003 

50 - 843 0.105 

51 - 039 0.180 
51-228 0.180 
61-414 0.182 
51-590 0,180 
51-770 0.175 

51 - 952 0 .J 71 

52 - 123 0.158 


300 
400 
500 
con 

700 
800 
900 
lOOO 
1100 
1200 
1300 
MOO 
1500 
1000 
1700 
1800 
1900 
2000 
2100 
2200 . 
2300 
2100 
2500 
2600 
2700 
2800 
2900 
3000 
3100 
3200 
3.300 
3400 
3500 
3000 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4400 
4500 




thekmal pkopbbties of gases 


HYDROXYL {conlimted) 


ri'. 

Ab». 

S 

E 

11 

1 

1 

5 rF. 

Abs. 

4 GOO 

4700 

4800 

4900 

5000 

5100 

5200 

5300 

5400 

6500 ‘ 
5C00 

5700 

5800 

5900 

COOO 

ClOO 

G200 

0300 

6400 

CuOO 

COOO 

0700 

0800 

0900 

7000 

7100 

7200 

7300 

7400 

, 7500 

7000 

7700 

7800 

7900 

8000 

8100 

8200 

8300 

8)00 

8500 

8000 

8700 

S^ixO 

8900 

9000 

59-992 Q.jgg 2 

00-180 Q.J85 2 

00-305 y.jgo 2 

00-647 2 

00-724 2 

00- 897 Q.jgg 2 

01- 000 0.187 a 

01-233 0.103 a 

01-396 0.1(52 

01- 558 0-168 

0-160 
Cl-872 0-154 

02 - 020 0-162 
02-178 0-149 
02-327 0-148 
02-475 0-140 
02-621 0-142 
02-703 0-141 

02- 904 0-140 
04-014 0.139 

03- 183 0-138 
03-321 0-137 
03-458 0-130 
C3-.594 0-134 
G3'7— b Q.|32 
03'800 Q.jog 
63*983 0 -i”S 

G-Ml” 0-127 

0- 1-244 0-126 
04-309 0-124 

04- 493 0-122 
C4'G16 Q.joj 

01- 730 0-119 
01-855 0-118 
01-973 0-117 

05- 090 o-iir, 
05-205 0-113 
05-318 0-112 
<w-430 0-111 

I 0.5-511 0-110 
05-051 0-108 
05-759 0-100 
cn-sor. 0-105 
05-970 o-ioi 
CO 074 

3284 871 

B955 874 

7029 875 
8304 870 
8980 878 
9658 878 
0336 878 
1014 878 
11092 879 
52371 880 
I30ol 

33734 884 
34418 887 
3510o 

35797 894 
30491 gnT 
37188 

37889 704 
38593 707 
39300 709 
40009 715 
40724 7 i '8 
41440 710 
42109 724 
42883 720 
43009 720 
44338 731 
45009 731 
45800 73 , 
40532 733 
47205 , 3 ; 
47999 735 
48734 735 
•19409 738 
50205 738 
50911 737 
61078 73 g 
52410 738 
631i»4 
03S93 ;ro 
64033 -41 
55374 741 
50115 743 
50859 74 .J 
i *»7r><)i 

15424 889 
50293 sri 
17100 ^gi: 
38040 875 
38915 878 
39791 877 
40608 877 
41546 

43299 878 
44178 881 
45059 883 
45942 888 
40828 888 
47718 883 
48611 886 
49507 888 
60-106 883 
61309 806 
62215 808 
03123 813 
64030 815 
64951 818 
66809 822 
56791 825 
67710 828 
58G14 029 

59573 838 
G0503 

G1434 832 
02360 832 
63298 834 
04232 934 
C51CG 831 
00100 835 
O 1 O 35 
G7971 OQQ 
08907 

1 93S 

i0782 029 

939 

72000 810 
<3000 nil 
74511 84-3 
7.74$:i 

52-291 8-167 
52-458 8-164 

62- 622 8-101 
52-783 8-157 

52- 940 8-151 

53- 03 ^ 0-151 
53-246 8-149 

63- 394 8.116 
63-640 8-115 
63*085 Q.J42 
53-827 8-110 

63- 907 8-138 

64- 105 8-136 

0-133 
64*374 0-132 
64-500 8-130 
64-030 0-126 
54-702 8-125 

54- 887 8-124 
u6’0H 

65*134 

o5*256 0.]21 
66-377 8-120 

55- 497 8-118 
65-015 8-110 
55-731 8-113 
65*844 Q.jjo 
65*9 jG 

50-007 8-109 
50-170 8-103 
50-284 8-107 

^ 50-391 8-106 
50-497 8-183 
50-002 8-101 
50-706 8-103 
66*800 0,jQ2 
50-911 8-101. 
•’57-012 8-100 

0-099 

0-098 
57-309 8-096 
57-40o 8.896 
57-500 8-094 
oi-.j91 8-893 
57-037 

4000 

4700 

4800 

4900 

5000 

5100 

5200 

6300 

5400 

5500 

5000 

6700 

5800 

5900 

COOO 

ClOO 

0200 

6300 

0400 

0500 

COOO 

0700 

0800 

6000 

7000 

7100 

7200 

7300 

7400 

7500 

7000 

• 7700 

7800 

7900 

8000 

8100 

8200 

8300 

8400 

8500 

8000 

8700 

8800 

8900 

9000 

i 
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THEBMAIi PEOPEBTIES OP GASES 

NITRIC OXIDE (NO) 


T° P. 
■ Abs. 


E 


100 
200 
300 
400 
500 
COO 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1600 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2000 
3000 
3100 
3200 
3300 
3400 
3600 
3600 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4400 
4500 


61- 142 

62- 262 

63- 206 

64- 062 
54-835 
56-545 

56- 195 

66- 793 

67- 374 

57- 917 

68- 433 

68- 921 

69- 392 


1-110 
0-954 
0-856 
0-773 
0-710 
0-650 
0-598 
0-681 
0-543 
0-616 
0-488 
0-471 
0-441 
69-833 0.422 
60-255 Q.gg- 

60- 652 Q.ggg 

61- 045 g.ggi 


61-426 

61- 792 
02-140 

62- 473 
02-797 

63- 105 
63-404 
63-692 
63-974 


0-366 

0-348 

0-333 

0-324 

0-308 

0-299 

0-288 

0-282 

0-273 


64-511 

64-770 

05-026 


0-269 

0-266 

0-249 


65-275 J.241 


65-516 
• 05-752 


0-236 

0-231 


65-983 q.223 


66-200 


0-219 


66-425 g,2x3 

66- 638 g.207 
06-845 g.204 

67- 049 g.jgg 


H 


P 

'T 


T°P. 

Abs. 


64-247 g.204 , 


3213 -43 
3729 520 
4249 527 
4776 535 
5311 542 
5853 g4g 
6462 5gg 
6962 

Oil. 

7533 5g7 
6420 ggo 
8720 540 
9330 gjg 
9949 521 
10570 520 
11199 ggg 
11837 542 
12479 547 
43126 553 
43779 554 
14453 555 
15088 555 
15744 557 
16401 658 
17059 55g 
17717 654 
18378 552 
19040 654 
19704 550 
20373 574 
21044 575 
21719 579 
22398 5go 
23078 ggg 
23761 535 
24446 533 
25134 539 
25823 5gq 

26512 S 

27202 690 
27892 590 


4405 744 
”1^3 719 
5838 726 
6564 734 
7298 744 
8039 747 
8786 759 
9545 770 
10316 735 
11100 799 
11899 309 
12708 647 
13525 320 
14345 323 
15173 336 
1C009 
16850 345 
17696 354 
18547 353 
19400 354 
20264 355 
21109 355 
21965 355 
22821 357 
23078 359 
24537 364 
25398 363 
26261 367 
27128 370 
27998 374 
28872 
29749 379 

30628 009 

3.™ 

32394 336 
33280 333 
34108 333 
35056 ggg 
35944 ggg 
36833 ggg 


43- 801 

44- 939 

45- 908 
40-709 

47- 537 

48- 237 

48- 873 

49- 451 


1-138 

0-969 

0-861 

0-768 

0-700 

0-636 

0-578 

0-655 


60-006 0.511 


60- 617 
50-990 

61- 446 
61-878 
52-284 


0-479 

0-450 

0-432 

0-406 

0-389 


62- 673 0.369 

63- 042 0.359 
63-400 0,339 
63*739 n,oo7 
«« : ” 
54-380 0.304 


64-684 

64- 979 

65- 263 


0-295 

0-284 

0-274 


65-o37 0.257 


65- 804 
50-063 

66- 315 
56-560 

56- 797 

57- 028 

67- 255 


0-259 

0-252 

0-245 

0-237 

0-231 

0-227 

0-221 


57-476 0.214 

57- 690 0.211 

67- 901 0.205 

68- 106 0.200 

68-306 0.195 

68- 501 0.191 

58- 692 0.188 
58-880 0,183 

69- 003 0.181 


100 

200 

300 

400 

600 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2600 

2600 

2700 

2800 

2000 

3000 

3100 

3200 

3300 

3400 

3500 

3600 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4600 








thebmal pbofebties or gases 
jnTBIC OXIDE {coniimicd) 


87 


y’F. 

Abo. 


5 


E 


H 


F 

'T 


4Cb(' 

470n 

4S00 

4P00 

5f‘0(i 


07-443 (j.jQi 
07-034 

07- 822 ^.j.jg3 

08- 00.7 


28.782 

20274 


! 


092 

092 


08-180 


0-17 


I 29066 eg, 
j SOGi^S 

* 090 


3 

38012 

39703 

40394 

41286. 


om 

0V303 g.j-4 1 32047 gg- , 

.5200 

68 .537 g.j-i , 

12744 ggg 

5300 i 

C8-70S g.jgg 

33443 -g. 

5100 j 

68-877 

,14146 

5.700 

69-04! g.jgg 

34^4'/ 

56181 

0-161 

3554 O •JQO 

5700 

09-365 

36251 -g. 

5800 

60-522 g.je3 

30953 -g. 

5900 


«} i OuO 

6000 

09-827 g.^^9 

38357 ..g2 

6100 

69-970 

39059 ,03 

6200 

70-123 g.j.,- 

39762 ,03 

6300 

50-270 g.j^e 

404C5 ,03 

0400 

70-416 g.j4j 

41108 ,04 

6500 

70-5.57 g.j3- 

41872 ,00 

6600 j 

70-694 g.jgg 

42578 ,gg 

6700 

70-829 g,j33 

43286 ,gg 

0800 

70-902 g.i3.. 

43994 ,og 

6900 

71-091- g.jgg 

44703 ,4j 

7000 

71-224 g.jgg 

45114 ,-|^2 

7100 

71-354 g.j27 

40126 ,j3 

7200 

71-481 g.j24 

46839 ,j5 

7300 

*1*005 f|,io4 

47554 ,j5 

7400 

j "F729 g .400 

48269 

7.500 

j “1-8-51 g.j22 

4S980 ,18 

7600 

1 “l-0“3 g.]ig 

49704 ,jg 

7700 

1 “-■6'‘'2o.„8 

50423 ,20 

7800 

! 72-210 g.jjo 

5ll46 

7900 

72-326 g.jjg 

51803 , 0 , 

SCKiO 

72-441 g.jj4 

52.585 ,22 

8100 

72-555 g.4j3 

"7^3 

82*^0 

72-608 g., 11 

54030 ,,4 

63i'0 

1 0-110 

54754 ,24 

S400 

i 72-889 g.,gg 

o».>4<i5 roil 

8.500 

i 0-lOS 

56203 ,28 

SOW 

i 73-100 g.j„g 

.56931 ,28 

S700 

i 7.3-212 g,,gg 

57659 ,30 

8S00 

7.3-317 g,jgg 

58359 , 3 ., 

S900 

••♦J 

0-104 

59124 ,30 

fKK *0 

73-526 

59SOO 


43070 

43974 

44874 

45775 

46676 

47577 

4S478 

49379 

60280 

51181 

.52082 

52983 


890 

891 
891 
S92 
894 
S06 
898 

900 •• 

901 
901 
901 
901 
901 
901 
901 
901 
901 

901 
53884 ggg 

903 

55692 gge 
56593 gg- 
G/oOo 
58413 ggg 
59322 
00233 
01145 g,3 
02058 
02972 
03888 
04804 
65722 
00041 
675C0 
CS480 
09401 
70323 
71245 
72108 
73092 
74018 
74945 
75874 
76S07 
77742 


911 

912 


910 

916 

918 

919 

919 

920 
021 
022 

922 

923 

924 
920 
927 
929 
933 
935 


59-244 g.,-6 
59-420 g.j-3 
59-593 g.j-g 
59-703 g.je7 

59- 930 g.jgg 

60- 093 Q.jgg 
00-253 g.jrjg 
60-^” 0-156 
60-567 g.i53 


60-720 


0-151 


60- 871 g.j.jg 

61- 019 
61-164 g.j^3 
61-307 
61-448 
61-587 

61- 724 
61-860 

01- 906 

02- 127 

62- 254 
62-379 
02-503 
02-626 

02- 748 
62-808 

62- 986 

63- 103 

03- 218 
03-332 
03-445 
63-556 
63-666 
03-774 

03- 8S1 

63- 987 

04- 092 

64- 195 
64-297 
64-398 
64-498 
64 -.597 
64-695 
64-702 
C4-SSS 


T’F. 

Abs. 


0-139 

0-137 

0-136 

0-136 

0-131 

0-127 

0-125 

0-124 

0-123 

0-122 

0-120 

0-118 

0-117 

0115 

0-114 

0-113 

o-in 
0-110 
O-IOS 
0-107 
0-106 
0-105 
0-103 
0-102 
0-101 
0-100 
0-099 
0-09S 
0-097 
0-096 


4600 
4700 
4800 
4900 
5000 
5100. 
5200 
5300 
5400 
5500 
5600 
5700 
5800 
6900 
6000 
6100 
6200 
6300 
6400 
6500 
CGOO 
6700 
6500 
6000 
7000 ' 
7100 
7200 
7300 
7400 
7500 
7600 
7700 
7800 
7900 
SOOO 
8100 
8200 
8300 
8400 
8300 
SOOO 
8700 
8800 
8900 
0000 



88 THEHMAli PHO-PEBTIES OF GASES 


EQUILIBRIUM CONSTANTS 



II 

^CO, 

11 

T’UsO 


T’n.o-T’co 





i 

' i>n,-Pco, 



co+io,=co. 

■ ■ 

Hj-F 40s =11,0 

CO, ->-11 

=CO-H,0 


T^F. 
AEs. _ 

I-ogio Ap 


Logio A'p 




7"F. 

Al)S. 

GOO 

39-80 

6-309G y. 10»» 

36.-840 

6-91 8,y 10” 

-4-231 

5'875 V 

000 

,700 

33-40 

2-8840 y 10” 

30-141 

1-384 y 10” 

-3-31S 

4-80S V JO-' 

700 

800 

28-70 

5-0119 y 10“ 

26-972 

9-370 y 10” 

-2-G38 

2-801 X 10-' 

800 

900 

25-00 

1 y 10” 

22-882 

7-021 y 10“ 

-2-116 

7-074 xlO-' 

900 

1000 

22-04 

1-0905 y 10“ 

20-333 

2-153x10” 

-1-703 

1-982 X 10-5 

1000 

1100 

19-01 

4-0738 y lO'i' 

18-242 

1-740x10“ 

- 1-370 

4-200 X 10*' 

1100 

1200 

17-59 

3-8005 y 10” 

10-497 ■ 

3-141 xlO” 

- 1-090 

8-017x10-' 

1200 

1300 

15-89 

7-7025 X 10“ 

16-017 

1-040 y 10“ 

-0-8673 

0-1357 

1300 

1400 

14-42 

2-0303 y 10“ 

13-747 

5-685 X 10” 

-0-0745 

0-2110 

1400 

leoo 

13-16 

1-4126 y 10“ 

12-043 

4-3D6 xlO” 

-0-6090 

0-3091 

1500 

ICOO 

12-04 

1-0005 y 10“ 

11-070 

4-742 X 10” 

-0-3083 

0-4283 

1000 

1700 

11-07 

1-1740 X 10“ 

10-821 

0-022 y 10” 

-0-2469 

0-5077 

1700 

1800 

10-20 

1-6849 x10“' 

10-001 

M51 y 10” 

-0-1384 

0-7271 

1800 

1900 

9-423 

2-0486 y 10«j 

9-379 

2-393 y 10' 

-0-0435 

0-9047 

1000 

2000 ' 

\ 8-724 

6-2900 y 10« 

8-706 

5-821 X 10' 

0-0407 

1-098 

2000 

2100 

8-003 

1-2388 X 10'; 

8-208 

1-014 y 10' 

0-1164 

1-304 

2100 

2200 

\ 

7-619 

3*3037 x10’ 

7-701 

5-023 y 10’ 

0-1 825 

1-522 

2200 

2300 

0-990 

9-9083 X 10' 

7-238 

1-730 x 10’ 

0-2420 

1-748 

2300 

2400 

0-617 

3-2885 X 10' 

'0-814 

6-510 X 

10' 

0-2971 

1-082 

2400 

2600 

0-077 

1-1940 X I0»] 

0-422 

2-042 X 

10“ 

0-34CO 

2-218 

2500 

2000 

6-070 

4-0774 y 10' 1 

0-001 

1-161 V 

10' 

0-3908 

2-469 

2000 

2700 

6-206 

1-9724 X 10'- 

5-720 

5-321 / 

10' 

0-4313 

2-700 

2700 

2800 

4-940 

8-8308 y 10* 

6-416 

t 

2-COO ;; JO* 

0-4089 

2-944 

2800 

2900 

4-022 

4-1879 X 10* 

5-125 

1-333x10' 

0-5027 

2-182 

2900 

3000 

4-320 

2-0893 X 10* 

4-86-4 

7-145 X 10* 

0-5330 

3-417 

3000 




TJIEKMAL PKOPEETTES OF GASES 
EQUILIBP.IOM COXST;;\XTS {continurM) 


S9 


' ' ■ , It ^ 

PCOt r ^U.-O !' r- _-P£rjO--Pco i 

— —I !i — n 1 ^'■I'-z :; i 


r* F, 
Abo. 


Fro ■ 

1 

'fh,-Fo/ 

i ^ 

I Fe. -FcOj 


CO-^ 

io,=co. 

1 H,. 

JO.=H.O 

CO.-i-H.= 

:CO-'-H;0 



iLofTji, A'p 

A'r 

J-'OS'lD 


T°P. 

Ab";. 

3100 

•1-037 

l-OSSO >■ 10‘ 

! 4-GOO 

1 

3-081 X 10« 

0-5624 

3-651 

3100 

3200 

3-773 

5-0293 )• 10’ ?| t-303 

2-307 X 10' 

0-5893 

3-SS4 

3200 

3300 

3-505 

3-3407 X 10^ 

1 

1 4-139 

1-377 X 10* 

0-6140 

4-112 

3300 

3400 

3-201 

1-9543 X 10’ 

1 3-929 

8492 

0-6372 

4-337 

3400 

3000 

3-072 

1-1803 X 10’ 

i 3-730 

5370 

0-6579 

4-549 

3500 

3600 

2-865 

732-82 

1 3-543 

3401 

0-6776 

4-760 

3600 

3700 

2-COS 

463-59 

3-365 

2317 

0-6962 

4-06S 

3700 

3S00 

2-483 

304-00 

3-197 

1574 

0-7132 

5-167 


3000 

2-307 

202-77 

3-037 

10S9 

0-7296 

5-365 

3900 

4000 

2-141 

138-30 

2-SSS 

767-4 

0-7447 

5*553 

4000 


1-9S2 

95-040 

2-741 

550-8 

0-7593 

5-745 



1-832 

07-020 

2-004 

401-8 

0-7722 

3-918 

4200 

4300 

I -CSS 

48-753 

2-473 

297-2 

0-7847 

6091 

4300 

4400 

1-551 

35-503 

2-345 

221-3 

0-7963 

6-256 



1-420 

20-303 

2*228 

169-0 

0-8077 

6-422 


4000 

1-295 

19-724 

2-113 

129-7 

0-8179 

6*57o 

4600 

4700 

M7C 

14-997 

2-004 

100-9 

0-8273 

C-7I9 

4700 


1-002 

11-535 

1-898 

7907 

0-8365 

6-863 

4800 

4000 


- S-9557 

1-797 

C2-6C 

0-S452 

7-002 

4000 

5fHK> 


7-0259 1 

1 

1-701 

50-23 

0-8538 

7-142 

5000 

5100 

0-7450 

! 

/5-570r> 1 

1 

1-608 

40-55 

0-8616 

7-271 

5100 

5200 

0-6401 

! 

4-457C ;j 1-51S 

It 

32-OG 

0-S091 

7-39S ' 

5200 

5300 

0-5501 

3-5983 I 
/ 

■ 

27-04 j 

1 

0-8763 

7-521 

5300 

5400 

0-4 607 

2-9289 1 

■ 

22*3 i j 

0-8824 

7-623 

5400 
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thebmal peopep.ties op oases 

EQUMBRIUSI CONSTANTS TOR THE REACTION 
Pa + 0H5±Ha0 ; AEo= - ^ 20420 B.Th.U./lb. mol 


Pon-^’n, 


2-0 jr. 
Abs. 

Eogio Kp 


2-0 xr. 
Abs. 

Logio Kp 

Kp 

600 

700 

800 

000 

1000 

1100 

1200 

1300 

1400 

1500 

1000 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2000 

2700 

2800 

2900 

3000 

41-204 

34-851 

30-080 

26-361 

23-381 

20-939 

18-901 

17-173 

15-091 

14-406 

13-379 

12-284 

11-399 

10-606 

9-8920 

9-2454 

8-0573 

8-1190 

7-0276 

7-1742 

0-7555 

0-3608 

0-0000 

5- 0704 

6- 3503 

1-660x10“ 

7- 096 X 10“ 

1- 202 X 10=“ 

2- 290 X 10“ 
2-404 x'l0“ 

8- 090 X 10“ 

7-902 X 10“ 

1- 489 X 10“ 

4-909 X 10“ 

2- 547 X 10“ 
2-393 X 10“ 

1- 923 X 10“ 

2- 506 X 10” 
4-037 X 10“ 
7-798 x10* 
1-760 x10* 
4-543 X 10* 
1-317 X 10* 

4- 242 X 10’ 

1- 494 X 10’ 

5- 095 X 10* 

2- 327 X 10* 

1- 014 xlO* 

4-082 X 10* 

2- 272 X 10* 

3100 

3200 

3300 

3400 

3500 

3000 

3700 

3800 

3900 

4000 

4100 

4200 

4300 

4400 

4500 

4600 

4700 

4800 

4900 

5000 

5100 

5200 

6300 

6400 

5-0038 

4-7895 

4-5314 

4-2877 

4-0566 

3-8407 

3-0301 

3-4413 

3-2571 

3-0820 

2-9108 

2-7585 

2-0070 

2-4023 

2-3250 

2-1930 

2-0009 

1-9451 

1-8289 

1-7170 

1-6109 

1-5082 

1-4094 

1-3140 

1-162 X 10* 

6-169x10* 

3-400 X 10* 

1-940 X 10* 

1-139x10* 

0-930 X 10= 

4326 

2763 

1808 

1210 

814-3 

573-5 

404-6 

289-9 

' 211-4 

160-0 

116-7 

88-12 

67-44 

52-19 

40-82 

32-23 

26-67 

20-61 
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THERMAT. rEOPEBTIES OE GASES 

lower heats of reaction 

CO + m.^CO, ; -1201C3 B . Th . V . jlh . mol 



11C329 230 
11C0D9 231 
1168C8 232 
U5G3G 232 
115404: 233 
115171 234 
11493i 234 
114703 234 
1144G9 235 
114234 235 
113999 230 
113703 236 
113527 237 
113290 237 
113053 237 
112816 033 
112578 233 
112340 239 
112101 239 
1118G2 239 


119706 130 
1195>G 430 
119444 433 
119311 433 
119178 433 
119045 434 
118911 435 
118776 jgg 
118641 435 
118600 430 
1183/0 
118233 
118096 
117959 433 
117821 433 
117683 433 
117645 430 



THtJBMAIi PROPERTIES OF GASES 

LO'R'ER HEATS OF EEACTIOX 

; J£o^ -102S00 B.Th.U./IR mol 



100 

200 

800 

400 

500 

COO 

700 

800 

000 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2800 

2400 

2500 

2600 

2700 

2800 

2000 

3000 


103304 J21 
103425 J35 
103560 jgg 
103693 
10383»'i 
103970 
104104 jji 
104215 jgg j 
104323 jgg 1 
104420 33 
104519 . 

104003 73 
104678 
104742 -3 

104797 4- 

104844 gg 
104882 28 

104910 j9 
104929 g 
104938 j 
104939 7 

104932 jg 
104922 
104908 17 

104891 gi 
104800 32 
104828 37 


j 3100 j 
3200 ^ 
3300 

103702 220 
103922 234 3500 

104150 238 ! 3600 

104394 236 | 3700 

104030 233 1 3800 

104805 233 | 39W> 

105098 210 ! 

105308 207 : 

105515 203 
105718 122 -^300 

105910 44<K) 


lOo i 18 * 

looifio i 

100093 17- 

100208 ,g3 

100431 1 

100585 1^7 I 
106732 137 
106SC0 127 
100990 112 i 
107115 i2g 
107223122 
107323 23 j 
107410 gg 
10^50i> g3 I 
107590 g3 
107073 27 
107740 27 

107809 22 


I 4500 
j 4000 
I 4700 
I 4800 
490^) 
5000 
5100 
5200 
KOftfl 




104791 

1 

41 i 

107871 

58 

101750 

44 1 

107929 

56 

104706 

52 

107985 

47 

104654 

54 

108032 

45 

104600 

56 

108,077 

44 

104544 

5% 

108121 

41 

1044S0 

62 

108162 

37 

10'4424 

64 

108199 

36 

104360 

65 

108235 

34 

104295 

08 

108269 

SiT’ 

104227 

08 

10S301 

31 

104159 

71 

108332 

2» 

104088 

71 

108360 

28 

104017 

73 

108388 

27 

103944 

75 

108415 

24 

103869 

70 

108439 

23 

103793 

78 

108462 

22 

103715 

78 

1084 8-) 

21 

103637 

79 

108505 

20 

103558 

80 

108525 

20 

103478 

80 

108545 

20 


103398 g2 
103318 gi 
103237 


108 ti 6 *> f}fj 

108585 12 

108601 



THEBMAI. mOPERTIXS OF GASES 
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LOWER HEATS OF REACTION 
{.H, + OH-4-HjO ; JEo - - 120420 B.Th.U./Ib. mol 





5r"F. 

Abs. 



I213IS 

139 

121004 

238 

3100 

121693 

71 

124772 

20 

12M57 

130 

122142 

229 

3200 

121622 

73 

124801 

20 

12ir>87 

118 

122371 

218 

3300 

121649 

82 

124827 

17 

121705 

109 

122589 

218 

3400 

121407 

85 

124844 

16 

121814 

83 

122807 

183 

3500 

121382 

87 

124859 

12 

121807 

80 

122990 

180 

3000 

121295 

90 

124871 

9 

121077 

C7 

123170 

179 

3700 

121205 


124880 


122044 

50 

123349 

138 

3800 

121110 

90 

124885 

3 

122004 

39 

123187 

130 

3900 

121014 

90 

124888 

3 

122133 

25 

123023 

124 

4000 

120918 

97 

124891 

3 

122IG8 

19 

123747 

119 

4100 

120821 

97 

124894 

3 

122177 

14 

123800 

113 

4200 

120724 

97 

124897 

2 

122191 

8 

123970 

107 

4300 

120027 

98 

124899 

1 

122199 

3 

124080 

97 

4400 

120529 

100 

124900 

1 

122190 

14 

124183 

85 

4500 

120429 

102 

124899 

3 

122182 

23 

124208 

76 

4000 

120227 

101 

124890 

4- 

122109 

31 

124344 

09 

4700 

120223 

105 

124892 

0 

122128 

38 

124413 

01 

4800 

120118 

100 

124880 

G- 

122090 

45 

124474 

54 

4900 

120012 

109 

124880 

10 

122040 

50 

124528 

60 

5000 

119903 

110 

124870 

11 

121993 

50 

124578 

40 

5100 

119793 

112 

124859 

12 

J21940 

50 

124624 

44 ■ 

5200 

119081 

114 

124817 


121S84 

01 

124008 

30 

5300 

119576 

119 

124832 

20 

121823 

65 

124704 

34 

5400 

119448 


124812 


121708 

05 

,124738 

34 
















THEBMAL PEOPEKTIES OP GASES 

LOWER HEATS OF REACTION 
^2 + I02:?±N0 ; zIEo-38520 B.Th.U./lb. mol 




100 
200 
300 
400 
500 
000 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1600 
1000 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2400 
. 2500 
2000 
2700 
2800 
2900 
3000 


38750 3 I 
38769 r. 

o 

38704 ^ 
38771 g 
38780 Q 
38780 2 

38778 4 

38774 2 

38772 Q 
38777 rj 
38784 g 
38793 jQ 
38803 
38814 ^2 
38826 
38839 
38863 j2 
38805 

I 38876 g 

38885 g 

38890 3 

38893 2 

38895 3 

38892 Q 

38886 5 


3100 
3200 
3300 
3400 
3500 ! 

3000 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4400 
4500 
4000 
4700 
4800 
4900 
5000 
6100 
5200 
5300 
6400 
5500 
6600 
5700 
6800 
6900 
6000 




38880 g 
38874 g 
38868 ^ 
38861 7 
38854 7 

38847 7 

38840 rj 
38833 g 
38825 g 

38816 g 

38807 g 
38708 jg 
38788 
38777 jj 
38700 jg 
38751 jg 
38736 jg 
38720 
38703 
38C86 

38668 jg 

38650 19 
38631 19 
38612 20 
38692 20 
38572 22 
38660 24 
38526 27 
38499 2q 
38470 gg 


6100 

6200 

6300 

0400 

0500 

6600 

6700 

6800 

6900 

7000 

7100 

7200 

7300 

7400 

7500 

7600 

7700 

7800 

7900 

8000 

8100 

8200 

8300 

8400 

8600 

8000 

8700 

8800 

8900 

9000 




38440 3^ 
38409 3j 
38378 3j 
38347 32 
38316 32 
38283 32 
38251 32 
38219 32 
38187 32 
38155 32 
38123 33 
38090 32 
38058 32 
38026 32 
37994 32 
37962 32 
37930 32 
I 37898 3j 
37807 oi 





thebmai, peoperties of gases 
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METHANE (CH^) 

CH^ h-20,=C0j -f 2ELO ; AEo^ -3459S1 B.Th.U./lb. mol 
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‘ THERMAL PROPERTIES OP GASES 

i ETHYLENE (C 2 H 4 ) 

C2H4+302=2C02 + 2 H 20 ; 2lEo= -569936 B.Th.U./lb. mol 



49-236 2.(510 
51-846 2.410 
54*2o6 rt.oiA 
56-466 2.010 
58-476 
60-316 1.^20 

62- 036 J.Q20 

63- 656 j^.ggo 

65- 186 j.^QO 

66- 646 j.ggg 

68- 041 J^.g^g 

69- 386 j.ggg 

70- 686 j^.205 

71- 951 j^.230 

73- 181 4,205 

74- 386 j.jgQ 
j 75-666 4.455 

76- 721 4,435 

77- 856 4.445 

78- 971 4.095 

80- 066 4.930 

81- 146 


1070 

3464 4219 

1331 
6704 4402 

■^106 1459 

8565 4530 
10095 4595 

11690 4055 

13345 4.-21 
15066 4434 
16847 4349 
18696 4944 

20610 4934 

22597 2053 
24650 2128 
26778 2498 
28976 22(52 
31238 2334 
33572 2400 
35972 2409 
38441 2547 
40988 


2879 4203 
1418 
5565 4529 
1601 
8695 4053 
10353 i'tqq 
12082 "^4 
13876 4353 
15729 4920 
17649 4930 
19629 2047 
21676 2113 
23789 2186 
25975 2251 
28226 2397 
30553 9007 
32960 2400 
35410 2533 
37943 2599 
40542 2007 
43209 2740 
46955 




568965 

569026 


569424 406 
569530 409 
569639 443 
o69 / o2 118 
569870 J30 
01 0000 135 
670135 443 
570283 J04 
570447 430 
670633 499 
o /0832 4>29 
571061 rt'i 
671312 .266 
5/lo/8 293 
571871 323 
572194 353 
672547 gpQ 
572937 









THERMAL RROPERTIES OF GASES 99 

BENZENE (CoHo) 

C«He-f T-uOj^GCOs + SHjO ; - 13G254S B.Tli.U./lb. mol 


T=T, i 
Abs. 1 

: .S-* 

1 A’* 

H* 



■ 

400 1 

j ® 3-831 

® 1625 

® 1724 

1363312 ^„g 

1362915 g27 

<300 1 

1 3-831 g.^gg 

IS25 ,885 

2083 

1302884 333 

1362388 

4oo 

COO ; 

1 3-735 

2228 

3807 040 -; 

1362548 ^gg 

1301952 ggg 

700 ’ 

1 


2557 

«234 2750 

1302289 jgg 

1361594 „g.. 

800 j 

! ^«-‘'^»3-Gll 

2870 

3008 

1302093 gg 

1301290 jgg 

000 

18-040 g.g, 3 

11005 3,gg 

3367 

1302003 28 

1361109 

woo 

22-183 3.,,, 

14233 3.^g 

3640 

1302031 ,gj 

1361038 gj 

1100 

25-057 3.^(j3 1 

17681 3,jg ; 

3014 

1302222 24g 

1301120 j^g 

1200 

20-000 3.332 

21300 3gg2 

229S5 

1302470 3gg 

13CI278 ggg 

1300 

32-302 g.ogg 

25301 ^200 

4399 

1302809 gg, 

1301578 .jg^ 

1400 

35-050 3,jg2 

29oGl ^^jg 

31548 ^g,„ 

1303373 ggg 

13CI9S2 

ICOO 

38-835 

33970 

30105 

1303969 

1302479 


* Reckoned from 400° F. abs. 
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thi:b3ial pbopbeties of .gases 

OCTAJTE {CgHis) 

O3 Hi 8 + 12-502=8CO2+9H2O ; JBo= -2207422 B.Th.U./lb. mol 

— 1 r j j 


Ab=. I j \ I 

400 99-644 -.og,, 9823 33,2 3570 2200830 2203G13 

500 107-577 g.^4 13195 4433 4622 2199116 3,4 2202592 375 

600 n5-981 ",6 17618 5370 18810 53,4 2198142 422 2202314 371 

700 124-557 g.ggg 22994 gggG 6225 2197720 j4g 220258o 

800 132-857 7.073 2902*0 2578 30609 5777 2197572 2203134 ,99 

900 140-830 „.g2g 35598 ^229 7428 210'6(o 474 2203933 j47j 

1000 148-656 7.448 42827 ,582 44814 ^g^ 2198149 gge 2205104 4332 

1100 156-074 7 344 50409 8335 52595 3433 2198/ /o 943 2- .• 4944 

1200 163-415 58644 61028 8734 2199723 4433 2208007 49 

1300 170-449 ;°7?4 67229 ^937 9136 1242 1938 

1400 1 177-223 . 990 ’6166 9390 78948 9483 2202087 4357 2211824 ^qbo 

1500 183-825 ^3/5 9040 9839 2203454 4393 2213884 3293 

1000 190-180 - 420 95096 9393 982754999322049094544 ' > 2237 

nOO 196-303 : ; lOUO ^08367 49343 2206500 4579 2263 

1800 202-220 .933 115134 49499 118710 49395 22080/0 4435 22 0586 3423 

1900 207-853 . 125330 49339 129105 49435 220949 4353 2 2< 49^,, 

2000 213-217 ; 135566 49-93 139540 49599 2210/o3 4475 2224662 jggj 

:r: »*» iz -z s»« sr, 

2200 223-511 4.993 156729 44993 161100 44393 22133 4493 215. 

300 228-503 J. 167732 44399 172302 44593 1598 229: 

2400 233-410 .^2 ^9037 4490s « 11807 J 1721 -1 

2500 238-242 190045 195612 2218126 



THERMAI/ PROPERTIES OP GASES 
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TABLE OF ~ WHERE ~ = 1-98C9 

J *J 


m 

1 Ji7' 

: “ 

Ah?. 

liT 

J 

j T^T.Ah’^. 

i 

ItT 

J 

100 

199 

3100 

6159 

6100 

12120 

I'OO 

397 

3200 

6368 

6200 

12319 

300 

COO 

3300 

0557 

6300 

12517 

400 

705 

3400 

0765 

0400 

12710 

500 

093 


0954 

0500 < 

12915 

000 

1192 


7153 

6000 

13114 

700 

1390 


7351 

0700 

13312 

800 

1589 

3800 

7650 

6800 

13511 

900 

17SS 

3900 

7749 

6900 

13710 

1000 

1987 


7948 

7000 

13008 

1100 

.2180 

4100 

8140 

7100 

14107 

JSOO 

23Si 

4200 

8345 

7200 

U30B 

1300 

2583 

4300 

8544 

7300 

14504 

1400 

2782 

4400 

8742 

7400 

14703 

inoo 

2980 

4600 

8941 

7600 

14902 

1600 

3170 

4000 

0140 

7600 

16100 

1700 

3378 

4700 

9338 

7700 

16299 

1800 

3576 

4800 

9537 

7800 

15498 

1900 

3775 

4900 

9736 

7900 

16607 

2000 

3074 

6000 

9936 

8000 

16895 

2100 

4172 

0100 

10133 

8100 

10004 

2200 

4371 

5200 

10332 

8200 

IC293 

2300 

4570 

5300 

10531 

8300 

10401 

2400 

4708 

6400 

10729 

8400 

10600 

2000 

4907 

6500 

10928 

8600 

1CS89 

2000 

5100 

6000 

11127 

8000 

17087 

2700 

0300 

5700 

11325 

8700 

17280 

2800 

5503 

6800 

11524 

8800 

17485 

2000 ^ 

6702 

6900 

11723 

8900 

17683 

3000 

6001 

0000 

11921 

nnoo 

17882 
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TIIEKMAL PBOPEBTIBS OF GASES 


TABLE OF J log, a:=l-9869x2-30^58xlogioa;=4-5751ogio* 


X 

4-G7G logio X 

X 

4-575 logio X 

1-26 

0-4434 

8-50 

4-2521 

1-50 

0-805C 

8-75 

4-3097 

1-70 

M119 

9-00 

4-3056 

2-00 

1-3772 

9-25 

4-4201 

2-25 

1-0112 

9-50 

4-4731 

2-50 

1-8200 

■ 9-75 

4-5247 

2-75 

2-0099 

10-00 

4-5760 

3-00 

2-1828 

10-25 

4-6240 

3-25 

2-3419 

10-50 

4-0719 

3-60 

2-4891 

10-75 

4-7187 

•i'75 

2-0262 

11-00 

4-7644 

4-00 

2-7544 

11-25 

4-8090 

4-25 

2-8749 



4-50 

2-9884 

11-75 

4-8964 

4-75 

3-0959 

1200 

4-9372 

S-00 

3-1978 

12-25 

4-9782 

G-25 

3-2947 

12-50 

5-0184 

C-50 

3-3871 

12-75 

6-0577 

0-7G 

3-4755 

13-00 

5-0DC3 

0-00 

3-5000 

13-25 

5-1341 

C-25 

3-0412 

13-50 

6-1713 

0-50 

3-7191 

13-75 

6-2077 

0-7G 

3-7940 

14-00 

6-2435 

7-00 ‘ 

3-8003 

15-00 

6-3800 

7-25 

3-9301 

16-00 

5-6088 

7-GO 

4-0034 

17-00 

6-6293 

7-7G 

4-0085 

18-00 

5-7429 

8-00 

4-1310 

19-00 

6-8503 

8-2G 

4-1928 

2000 

5-9522 



